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(57) ABSTRACT 


Methods, apparatuses, devices, and systems for producing 
and controlling and fusion activities of nuclei. Hydrogen 
atoms or other neutral species (neutrals) are induced to 
rotational motion in a confinement region as a result of 
ion-neutral coupling, in which ions are driven by electric and 
magnetic fields. The controlled fusion activities cover a 
spectrum of reactions including aneutronic reactions such as 
proton-boron-11 fusion reactions. 
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REDUCING THE COULOMBIC BARRIER TO 
INTERACTING REACTANTS 


CROSS-REFERENCE TO RELATED 
APPLICATIONS 


[0001] An Application Data Sheet is filed concurrently 
with this specification as part of the present application. 
Each application that the present application claims benefit 
of or priority to as identified in the concurrently filed 
Application Data Sheet is incorporated by reference herein 
in its entirety and for all purposes. 


STATEMENT OF JOINT RESEARCH 
AGREEMENT 


[0002] The subject matter and the claimed invention were 
made by or on behalf of Alpha Ring International, Ltd. of 
Monterey, Calif. and Nonlinear Ion Dynamics, LLC of 
Monterey, Calif., under a joint research agreement titled 
“JOINT RESEARCH AND DEVELOPMENT AGREE- 
MENT.” The subject matter disclosed was developed and 
the claimed invention was made by, or on behalf of, one or 
more parties to the joint research agreement that was in 
effect on or before the effective filing date of the claimed 
invention, and some aspects of the claimed invention were 
made as a result of activities undertaken within the scope of 
the joint research agreement. 


FIELD OF THE INVENTION 


[0003] The present disclosure relates to inter-nuclear reac- 
tions and reactors for initiating and maintaining these reac- 
tions. 


BACKGROUND 


[0004] Since the 1950s, the science and technology com- 
munities have been striving to achieve controlled and eco- 
nomically viable fusion. Fusion is an appealing energy 
source for many reasons, but after billions of dollars and 
decades of research, to most, the idea of a sustainable fusion 
source for clean energy has become a pipe dream. The 
challenge has been to find a way to sustain a fusion reaction 
in a way that is economical, safe, reliable, and environmen- 
tally sound. 

[0005] This challenge has proved to be extraordinarily 
difficult. The commonly held belief in the art is that another 
25-50 years of research remain before fusion is a viable 
option for power generation—“As the old joke has it, fusion 
is the power of the future—and always will be” (“Next 
ITERation?", Sep. 3, 2011, The Economist). 

[0006] Prior efforts in large-scale fusion research have 
primarily focused on two methods of creating conditions for 
fusion ignition: inertial confinement fusion (ICF) and mag- 
netic confinement fusion. ICF attempts to initiate a fusion 
reaction by compressing and heating fusion reactants such as 
a mixture of deuterium and tritium in the form of a small 
pellet about the size of a pinhead. The fuel is energized by 
delivering high-energy beams of laser light, electrons, or 
ions to the fuel target, causing the heated outer layer of the 
target fuel to explode and produce shockwaves that travel 
inward through the fuel pellet compressing and heating the 
fusion reactants, thereby initiating a fusion reaction. 
[0007] At the time of this filing, the most successful ICF 
program is the National Ignition Facility (NIF) which was 
constructed at the cost of nearly 3.5 billion dollars and 
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completed in 2009. NIF reached a milestone by causing a 
fuel pellet to give off more energy than was applied to it, but 
as of 2015, the NIF experiments were only able to reach 
about Lé of the energy levels needed for ignition. Regarding 
a sustainable reaction, the longest reported ICF fusion 
reaction was on the order of 150 picoseconds. Even if ICF 
efforts achieve ignition conditions, there are still many 
obstacles to making it a viable energy source. For example, 
solutions are needed to remove heat from the reaction 
chamber without interfering with the fuel targets and driver 
beams, and solutions are needed to mitigate the short life- 
time of fusion plants due to the radioactive byproducts of the 
fusion reactants: deuterium and tritium reactions produce 
neutrons. 


[0008] The second major research direction, magnetic 
confinement fusion, attempts to induce fusion by using 
magnetic fields to confine hot fusion fuel in the form of a 
plasma. This method seeks to lengthen the time that ions 
spend close together and increase the likelihood that they 
fuse. Magnetic fusion devices apply a magnetic force on 
charged particles in a manner that, when balanced with 
centripetal force, causes the particles to move in circular or 
helical path within the plasma. The magnetic confinement 
prevents the hot plasma from contacting the walls of its 
reactor. In magnetic confinement, fusion occurs entirely 
within the plasma. 


[0009] Most of the research in magnetic confinement is 
based on the tokamak design in which hot plasma is confined 
within a toroidal magnetic field. The Tokamak Fusion Test 
Reactor (TFTR) at Princeton, N.J. is world’s first magnetic 
fusion device to perform extensive scientific experiments 
with plasmas composed of 50/50 deuterium/tritium. Built in 
1980, it was hoped that TFTR would finally achieve fusion 
energy, but it never achieved this goal and was shut down in 
1997. To date, the longest plasma duration time of any 
tokamak is 6 minutes and 30 seconds, held by the Tore Supra 
tokamak in France. Current efforts in magnetically confined 
fusion are focused on the International Thermonuclear 
Experimental Reactor (ITER), a Tokamak reactor that began 
construction in 2013. As of June 2015, the building costs 
have exceeded $14 billion, and construction of the facility is 
not expected until 2019 with full deuterium-tritium experi- 
ments starting in 2027. The current estimate for the cost of 
the project is over $50 billion, and it is likely the costs will 
continue to rise. Recently, the Energy and Water Develop- 
ment Subcommittee of the Senate Appropriations Commit- 
tee released a recommendation that the U.S. withdraw from 
the ITER project. Due to market realities, and the inherent 
limitations of the tokamak design for fusion power, many 
analysts doubt that fusion reactors such as ITER will 
become commercially viable. 


[0010] An alternative form of magnetic confinement is 
being studied by the Maryland Centrifugal Experiment 
(MCX), at the University of Maryland. It will test the 
concepts of centrifugal confinement and velocity shear sta- 
bilization. In this experiment, capacitors are discharged from 
a cylindrical cathode through hydrogen gas to a surrounding 
vacuum chamber in the presence of a magnetic field. The 
orthogonal electric and magnetic fields (represented as JxB) 
produce a force that drives hot ionized plasma (>10° K) into 
rotation around the discharge electrodes. Due to the signifi- 
cant change in temperatures at the plasma boundary, there 
inevitably exists cold neutral species that significantly affect 
plasma flows. Studies have focused on the effect of neutrals 
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and as they have thought to “impede the required plasma 
rotation” needed for fusion conditions. “Neutral species” or 
simply “neutrals” are atoms or molecules with a neutral 
charge, i.e., they have the same number of electrons and 
protons, the atomic number in the case of an atom. An ion 
or ionized atom or other particle has a charge, i.e., it has at 
least one more electron than proton or at least one more 
proton than electron. 

[0011] Rotating plasma devices that do not employ highly 
ionized plasmas have been considered for fusion research, 
but the neutrals have always been seen as a problem for 
reaching fusion conditions. Due to limiting effects including 
neutral drag and instabilities, one researcher in the field 
considered that while “not quite impossible [it is] still 
unlikely that rotating plasmas alone would lead to the 
realization of a self-sustained fusion reactor.” (Review 
Paper: ROTATING PLASMAS”, Lehnart, Nuclear Fusion 
11 (1971). 

[0012] All credible prior approaches have all faced con- 
finement and engineering issues. A gross energy balance for 
a fusion reactor, Q, is defined as: 


OSE jusion! Eins 


where Esson is the total energy released by fusion reactions, 
and E,,, is the energy used to create the reactions. The goal 
is to exceed a Q of one or “unity” toward the end of creating 
a viable energy source. Officials of the Joint European Torus 
(JET) claim to have achieved Q~0.7 and the US National 
Ignition Facility recently claims to have achieved a Q>1 
(ignoring the very substantial energy losses of its lasers). 
The condition of Q=1, referred to as “breakeven,” indicates 
that the amount of energy released by fusion reactions is 
equal to the amount of energy input. In practice, a reactor 
used to produce electricity should exhibit a Q value signifi- 
cantly greater than 1 to be commercially viable, since only 
a portion of the fusion energy can be converted to a useful 
form. Conventional thinking holds that only strongly ionized 
plasmas that do not have significant quantities of neutrals 
present have the potential of achieving Q>1. These condi- 
tions limit the particle densities and energy confinement 
times that can be achieved in a fusion reactor. Thus, the field 
has looked to the Lawson criterion as the benchmark for 
controlled fusion reactions—a benchmark, it is believed, 
that no one has yet achieved when accounting for all energy 
inputs. The art’s pursuit of the Lawson criterion, or substan- 
tially similar paradigms, has led to fusion devices and 
systems that are large, complex, difficult to manage, expen- 
sive, and, as yet, economically unviable. A common formu- 
lation of the Lawson criterion, known as the triple product, 
is as follows: 


12kg T? 


nTrg > 
Een ov) 


[0013] While the Lawson criterion will not be discussed in 
detail here; in essence, the criterion states that the product of 
the particle density (n), temperature (T), and confinement 
time (T) must be greater than a number dependent on the 
energy of the charged fusion products (E ,,), the Boltzmann 
constant (kz), the fusion cross section (o), the relative 
velocity (v), and temperature in order for ignition conditions 
to be reached. For the deuterium-tritium reaction, the mini- 
mum of the triple product occurs at T=14 keV and the 
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number for the triple product is about 3x10?! keVs/m" (J. 
Wesson, “Tokamaks”, Oxford Engineering Science Series 
No 48, Clarendon Press, Oxford, 2nd edition, 1997.) In 
practice, this industry standard paradigm suggests that tem- 
peratures in excess of 150,000,000 degrees Centigrade are 
required to achieve positive energy balance using a D-T 
fusion reaction. For proton-boron 11 fusion, the Lawson 
criterion suggests that the required temperature must be yet 
substantially higher. More specifically, 77-10! s/cm", 
which is -100x greater than required for D-T fusion [from 
Inertial Electrostatic Confinement (IEC) Fusion: Funda- 
mentals and Applications by George H. Miley and S. Kru- 
paker Murali]. 

[0014] An aspect of the Lawson criterion is based on the 
premise that thermal energy must be continually added to the 
plasma to replace lost energy, maintain the plasma tempera- 
ture, and keep it fully or highly ionized. In particular, a 
major source of energy loss in conventional fusion systems 
is radiation due to electron bremsstrahlung and cyclotron 
motion as mobile electrons interact with ions in the hot 
plasma. The Lawson criterion was formulated for fusion 
methods where electron radiation loss is a significant con- 
sideration due to the use of hot, heavily ionized plasmas with 
highly mobile electrons. 

[0015] Because the conventional thinking holds that high 
temperatures and a strongly-ionized plasma, absent of the 
presence of a significant presence of neutrals, are required, 
it was further believed that inexpensive physical contain- 
ment of the reaction was impossible. Accordingly, the meth- 
ods that have been most heavily pursued are directed to 
complex and expensive schemes to contain the reaction, 
such as those used in magnetic confinement systems (e.g., 
the ITER tokamak) and in inertial confinement systems 
(e.g., NIF laser). 

[0016] In fact, at least one source acknowledges the 
believed impossibility of containing a fusion reaction with a 
physical structure: “The simplest and most obvious method 
with which to provide confinement of a plasma is by a 
direct-contact with material walls, but is impossible for two 
fundamental reasons: the wall would cool the plasma and 
most wall materials would melt. We recall that the fusion 
plasma here requires a temperature of _10* K while metals 
generally melt at a temperature below 5000 K.” (“Principles 
of Fusion Energy,” A. A. Harms et al.). The need for 
extremely high temperatures is premised on the belief that 
only highly energized ions with charge can fuse, and that the 
coulombic repulsion force limits the fusion events. The 
present teaching in the field relies on this basic assumption 
for the vast majority of all research and projects. 

[0017] In rare instances, researchers have considered 
methods for reducing the Coulombic barrier or repulsion 
force, which repels interacting positive nuclei, in order to 
reduce the required energy to initiate and maintain fusion. 
Such methods have largely been disregarded as infeasible 
with the methods described above. 

[0018] Inthe 1950’s the concept of muon-catalyzed fusion 
was studied by Luis Alvarez using a hydrogen bubble 
chamber at the University of California at Berkeley. Alva- 
rez’s work (“Catalysis of Nuclear Reactions by u Mesons.” 
Physical Review. 105, Alvarez, L. W.; et al. (1957) dem- 
onstrated nuclear fusion taking place at temperatures sig- 
nificantly lower than the temperatures required for thermo- 
nuclear fusion. In theory, it was proposed that fusion could 
occur even at or below room temperature. In this process, a 
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negatively charged muon replaces one of the electrons in a 
hydrogen molecule. Since the mass of a muon is 207 greater 
than an electron, the hydrogen nuclei are consequently 
drawn 207 times closer together than in a normal molecule. 
When the nuclei are this close together, the probability of 
nuclear fusion is greatly increased, to the point where a 
significant number of fusion events can happen at room 
temperature. 

[0019] While muon-catalyzed fusion received some atten- 
tion, efforts to make a muon-catalyzed fusion source have 
not been successful. Current techniques for creating large 
numbers of muons require significant amounts of energy that 
exceed the energy produced by the catalyzed nuclear fusion 
reactions, thus precluding breakeven or Q>1. Moreover, 
each muon has about a 1% chance of “sticking” to the alpha 
particle produced by the nuclear fusion of a deuteron (the 
nucleus of deuterium atom) with a triton (the nucleus of 
tritium atom), removing the “stuck” muon from the catalytic 
cycle. This means that each muon can only catalyze at most 
a few hundred deuterium-tritium nuclear fusion reactions. 
Thus, these two factors—muons being too expensive to 
make and then sticking too easily to alpha particles— limit 
muon-catalyzed fusion to a laboratory curiosity. To create 
useful muon-catalyzed fusion, reactors would need a 
cheaper, more efficient muon source and/or a way for each 
muon to catalyze many more fusion reactions. To date, none 
have been found or even theorized. 


[0020] In March of 1989, Martin Fleischmann and Stanley 
Pons submitted a paper to the Journal of Electroanalytical 
Chemistry reporting that they had discovered a method of 
reducing the Coulombic barrier by a method that is now 
commonly referred to as “cold fusion.” Fleishmann and 
Pons believed they had observed nuclear reaction byprod- 
ucts and a significant amount of heat generated by a small 
tabletop experiment involving electrolysis of heavy water on 
the surface of palladium electrodes. One explanation for 
cold fusion considered that hydrogen and its isotopes could 
be absorbed in certain solids, such as palladium, at high 
densities. The absorption of hydrogen creates a high partial 
pressure, reducing the average separation of hydrogen iso- 
topes and thus lowering the potential barrier. Another expla- 
nation was that electron screening of the positive hydrogen 
nuclei in the palladium lattice was sufficient for lowering the 
barrier. 


[0021] While the Fleischmann-Pons findings initially 
received significant press, the reception by the scientific 
community was largely critical as a group at Georgia Tech 
University quickly found problems with their neutron detec- 
tor, and Texas A&M University discovered bad wiring in 
their thermometers. These experimental mistakes, along 
with many failed attempts to replicate the Fleischmann-Pons 
experiment by well-known laboratories, lead most in the 
scientific community to conclude that any positive experi- 
mental results should not be attributed to “fusion.” Due in 
part to the publicity received, the United States Department 
of Energy (DOE) organized a special panel to review cold 
fusion theory and research. First in November of 1989, and 
again 2004, the DOE concluded that results thus far did not 
present convincing evidence that useful sources of energy 
would result from the phenomena attributed to “cold 
fusion.” 

[0022] Another attempt to reduce the Coulombic barrier 
employs electron screening in a solid matrix. Electron 
screening has first been observed in stellar plasmas where it 
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was determined to change the fusion rate by five orders of 
magnitude if the screening factor changes by only a few 
percent (Wilets, L., et al. “Effect of screening on thermo- 
nuclear fusion in stellar and laboratory plasmas.” The Astro- 
physical Journal 530.1 (2000): 504.). According to Wilets, 
“[t]he rate of thermonuclear fusion in plasmas is governed 
by barrier penetration. The barrier itself is dominated by the 
Coulomb repulsion of the fusing nuclei. Because the barrier 
potential appears in the exponent of the Gamow formula, the 
result is very sensitive to the effects of screening by elec- 
trons and positive ions in the plasma. Screening lowers the 
barrier and thus enhances the fusion rate; the greater the 
nuclear charges, the more important it becomes.” 

[0023] One example that tries to make use of this electron 
screening effect to create ignition conditions is presented in 
US Patent Publication No. US2005/0129160A1 by Robert 
Indech. In this application, Indech describes the electron 
shielding of the positively-charged repulsive forces between 
two deuterons located near the tip of a microscopic cone 
structure when electrons concentrate at the top of the cone 
structure due to an applied potential. As disclosed, these 
cones were arrayed on a surface measuring 3 cm by 3 cm. 
[0024] While Indech and others have realized the potential 
electron screening to lower the Coulombic barrier for fusion 
reactors, it is doubtful any efforts have been successful. At 
most these efforts appear to propose methods for ignition 
and not a sustained and controlled fusion reaction. Despite 
efforts in ICF, magnetic confinement fusion, and various 
methods of reducing the Coulombic barrier, there is cur- 
rently no commercially feasible fusion reactor design that 
exists. 


SUMMARY 


[0025] This disclosure concerns various aspects of reactor 
designs and operations. Of particular interest is reactor 
designs and operation in which electron screening is 
employed to reduce the coulombic barrier to fusion of two 
nuclei. The electron screening is provided in an electron-rich 
region where fusion reactions are promoted. 

[0026] One aspect of the disclosure pertains to reactors 
characterized by the following elements: (a) a confining wall 
at least partially enclosing a confinement region within 
which charged particles and neutrals can rotate; (b) a plu- 
rality of electrodes adjacent or proximate to the confinement 
region; (c) a control system having a voltage and/or current 
source configured to apply an electric potential between at 
least two of the plurality of electrodes, wherein the applied 
electric potential generates an electric field within the con- 
finement region that alone, or in conjunction with a magnetic 
field, induces and/or maintains rotational movement of the 
charged particles and the neutrals in the confinement region; 
and (d) a reactant disposed in or adjacent to the confinement 
region such that, during operation, repeated collisions 
between the neutrals and the reactant produce an interaction 
with the reactant that gives off energy and produces a 
product having a nuclear mass that is different from a 
nuclear mass of any of the nuclei of the neutrals and the 
reactant. During operation, the confinement region proxi- 
mate the reactant has an electron-rich region having an 
excess of electrons over positively charged particles of at 
least about 109/cm?. 

[0027] In certain embodiments, the electrodes are azi- 
muthally distributed about the confinement region, and the 
control system is configured to induce rotational movement 
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of charged particles and the neutrals in the confinement 
region by applying time-varying voltages to the plurality of 
electrodes. In certain embodiments, the reactor is configured 
to induce rotational movement of charged particles and the 
neutrals in the confinement region by an interaction between 
the electric field and an applied magnetic field within the 
confinement region. 

[0028] During operation of the reactor, the electron-rich 
region may have one or more of the following characteris- 
tics: (1) an electric field strength of at least about 10% V/m, 
(11) electrons having a temperature, on average, of between 
about 10,000 K to 50,000 K, (111) electrons having a density 
of about 10? cm”? to about 10% em", (iv) a ratio of 
electrons to positive ions within is between about 10°:1 and 
10%:1, (v) neutrals having an energy of, on average, of 
between about 0.1 eV and 2 eV, (vi) neutrals having a 
concentration of at least about 10!9/cm? (in some cases, 
between about 10'°/cm? to about 10'%/cm") and/or (vii) an 
extension into the confinement region by a distance of 
between about 50 nanometers and 50 micrometers. 

[0029] In some embodiments, the reactor includes an 
electron emitter disposed in or adjacent to the confinement 
region such that, during operation, the electron emitter 
generates electrons in the confinement region. The electron 
emitter may be attached to or embedded in the confining 
wall. In some cases, one or more insulating layers may 
separate confinement wall and the emitter to provide thermal 
insulation and/or electrical insulation. These layers may be, 
e.g., made from zirconium oxide, aluminum oxide, zinc 
nitride, and magnesium oxide. In some cases, an electron 
emitter has a pointed geometry protruding into the confine- 
ment region which increases the generation of electrons. 
[0030] In some cases, a reactor may have a filament in 
thermal communication with the electron emitter, and the 
control system may be configured to apply a current through 
the filament to heat the emitter. The reactor may include a 
temperature sensor for monitoring the temperature of the 
electron emitter, and the control system may be configured 
to adjust the current to the filament based on the monitored 
temperature. 

[0031] In some embodiments, a reactor has a laser con- 
figured to emit a beam of light through the confinement 
region and onto the electron emitter or the confining wall so 
that electrons are emitted into the confinement region based 
on the interaction between the beam of light and the electron 
emitter or the confining wall. The reactor may include a 
temperature sensor for monitoring the temperature of the 
electron emitter, and the control system may be configured 
to control the laser emissions on the monitored temperature. 
[0032] In some embodiments, the electron emitter is con- 
figured for movement into and out of the confinement region 
during operation of the reactor. The control system may be 
configured to move the position of the electron emitter, e.g., 
to control the temperature of the electron emitter (e.g., as 
measured using a temperature sensor) and the generation of 
electrons. 

[0033] The electron emitter may include boron or a boron- 
containing material. In some cases, the reactant includes 
boron-11. In some cases, the nuclear mass of the product is 
greater than the nuclear mass of any of the nuclei of the 
neutrals and the reactant. The interaction may be a fusion 
reaction— in some cases, an aneutronic fusion reaction. In 
some cases, the neutrals include neutral hydrogen, deute- 
rium, and/or tritium. 
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[0034] In certain embodiments, the reactor also includes 
an energy conversion device configured to extract thermal 
energy, the kinetic energy of charged reaction products, 
and/or mechanical energy from the reactor and convert said 
thermal, kinetic, and/or mechanical energy to electrical 
and/or mechanical energy for doing work outside the reactor. 
[0035] Another aspect of the disclosure pertains to a 
method of operating a reactor that involves applying an 
electric potential between at least two of a plurality of 
electrodes in a reactor characterized by the following ele- 
ments: (a) a confining wall at least partially enclosing a 
confinement region, (b) the plurality of electrodes adjacent 
or proximate to the confinement region, (c) a control system 
having a voltage and/or current source configured to apply 
an electric potential between the at least two of the plurality 
of electrodes, where the applied electric potential generates 
an electric field within the confinement region, and (d) a 
reactant disposed in or adjacent to the confinement region. 
The electric field in the confinement region, acting alone or 
in conjunction with a magnetic field, induces and/or main- 
tains rotational movement of charged particles and neutrals 
in the confinement region. Additionally, the confinement 
region proximate the reactant has an electron-rich region 
having an excess of electrons over positively charged par- 
ticles of at least about 109/cm“. Further, repeated collisions 
between the neutrals and the reactant produce an interaction 
with the reactant that gives off energy and produces a 
product having a nuclear mass that is different from a 
nuclear mass of any of the nuclei of the neutrals and the 
reactant. 

[0036] In certain embodiments, the plurality of electrodes 
are azimuthally distributed about the confinement region, 
and the control system is configured to induce rotational 
movement of charged particles and the neutrals in the 
confinement region by applying time-varying voltages to the 
plurality of electrodes. In certain embodiments, the electric 
field in the confinement region acts in conjunction with the 
magnetic field to induce and/or maintain the rotational 
movement of the charged particles and the neutrals in the 
confinement region. 

[0037] When applying an electric potential between the 
plurality of electrodes, the electron-rich region may have 
one or more of the following characteristics: (1) an electric 
field strength of at least about 10% V/m, (ii) electrons having 
a temperature, on average, of between about 10,000 K to 
50,000 K, (iii) electrons having a density of about 10'° cm 
7? to about 10% cm7?, (iv) a ratio of electrons to positive ions 
within is between about 10:1 and 10*:1, (v) neutrals having 
an energy of, on average, of between about 0.1 eV and 2 eV, 
(vi) neutrals having a concentration of at least about 101°/ 
cm“ (in some cases, between about 10!9/cm? to about 10'%/ 
cm") and/or (vii) an extension into the confinement region 
by a distance of between about 50 nanometers and 50 
micrometers. 

[0038] The reactor may include an electron emitter dis- 
posed in or adjacent to the confinement region so that, 
during operation, the electron emitter generates electrons in 
the confinement region. The method may, in some cases, 
include an operation of controlling the generation of elec- 
trons in the confinement region. 

[0039] For example, in some cases, the generation of 
electrons in the confinement region is controlled by applying 
a current to a filament in thermal communication with the 
electron emitter. In some cases, the generation of electrons 
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in the confinement region is controlled by moving the 
electron emitter into or out of the confinement region. In 
some cases, the generation of electrons in the confinement 
region is controlled by controlling the light emissions from 
a laser directed at the electron emitter or the confining wall. 
[0040] In some cases, the nuclear mass of the product is 
greater than the nuclear mass of any of the nuclei of the 
neutrals and the reactant. The interaction may be a fusion 
reaction—e.g., an aneutronic fusion reaction. In certain 
embodiments, the fusion reaction occurs in the electron-rich 
region at a rate that is about 10!" to about 10% fusion 
reactions per second per cubic centimeter. In certain embodi- 
ments, the neutrals include hydrogen, deuterium, and/or 
tritium. 

[0041] In certain embodiments, the method additionally 
includes converting thermal energy, kinetic energy of 
charged reaction products, and/or mechanical energy from 
the reactor to electrical and/or mechanical energy for doing 
work outside the reactor. 

[0042] These and other features of the disclosure will be 
described in more detail with reference to the associated 
drawings. 


BRIEF DESCRIPTION OF DRAWINGS 


[0043] FIGS. 1a-c depict several views of a first embodi- 
ment reactor. 
[0044] FIGS. 2a-b schematically illustrate the movement 


of charged particles and neutral particles rotating within a 
confinement wall. 

[0045] FIGS. 3a-d schematically depict neutral and 
charged particle interactions with a confinement wall. 
[0046] FIGS. 4a-e depict stages of the aneutronic proton- 
boron-11 fusion reaction. 


[0047] FIGS. 5a-d depict a reverse electrical polarity 
reactor. 

[0048] FIGS. 6a-f depict a hybrid reactor. 

[0049] FIGS. 7a-b depict a wave-particle reactor. 

[0050] FIGS. 8a-b depict various electrode configurations 


of a first embodiment reactor. 

[0051] FIGS. 9a-c depict various cross sections of a first 
embodiment reactor. 

[0052] FIGS. 10a-d depict a first embodiment reactor in 
which an axial magnetic field is applied by a superconduct- 
ing magnet. 

[0053] FIGS. 11a-b depict a first embodiment reactor in 
which permanent magnets are configured to apply an axial 
magnetic field in a first embodiment reactor. 

[0054] FIGS. 12a-b depict a first embodiment reactor in 
which the applied magnetic field in the confinement region 
is applied using permanent magnets. 

[0055] FIGS. 13a-c depict a configuration of a first 
embodiment reactor. 

[0056] FIGS. 14a-c depict a configuration of a first 
embodiment reactor. 

[0057] FIGS. 15a-c depict how ring magnets may be 
positioned along a common axis create a magnetic field 
substantially pointed along that axis. 

[0058] FIGS. 16a-c depict a first embodiment reactor in 
which the applied magnetic field in the confinement region 
is applied using ring magnets. 

[0059] FIGS. 17a-c depict a first embodiment reactor in 
which the applied magnetic field in the confinement region 
is applied using radially offset magnets. 


Apr. 2, 2020 


[0060] FIGS. 18a-d depict a first embodiment reactor in 
which the applied magnetic field in the confinement region 
is applied using an electromagnet. 

[0061] FIGS. 19a-b depict various embodiments of a 
reverse electrical polarity reactor. 

[0062] FIGS. 20a-b depict various electron emitters that 
may be placed on a confinement wall. 

[0063] FIGS. 21a-b depict electron emitting modules that 
may be placed on a confinement wall of a reactor. 

[0064] FIG. 22 depicts a reactor configured with a laser 
increasing or controlling electron emission from an electron 
emitter. 

[0065] FIGS. 23a-c depicts a configuration where nuclear 
magnetic resonance sensing is used to determine the com- 
position of gas reactants within a reactor. 

[0066] FIG. 24 depicts how a control system may be 
configured to operate a reactor using closed-loop feedback. 
[0067] FIG. 25 depicts an example of a multistage process 
flow that may be used to operate a reactor 


DETAILED DESCRIPTION 


Introduction 


[0068] Various embodiments disclosed herein pertain to 
reactors and methods of operating those reactors under 
conditions that induce a reaction between two or more nuclei 
in a manner that produces more energy than is input to the 
reactor. This disclosure refers to such reactions as nuclear 
fusion reactions or simply fusion reactions, although aspects 
of the reaction may be quantitatively or qualitatively differ- 
ent from aspects of reactions conventionally characterized as 
nuclear fusion. Therefore when the term fusion is used in the 
remainder of this disclosure, the term does not necessarily 
connote all the features conventionally ascribed to nuclear 
fusion. In some embodiments disclosed herein, a reactor 
may generate a sustained fusion reaction making it suitable 
as a viable energy source. As described herein, a sustained 
fusion reaction refers to a fusion reaction in which reactor 
may continuously operate above unity for a period of about 
a second. 

[0069] In various embodiments, the reactor in which the 
fusion reaction occurs is designed or configured to constrain 
or confine rotating species including, typically, one or more 
of the nuclei participating in a fusion reaction. Various 
structures may be provided for confining the rotating spe- 
cies. Typically, though not necessarily, these structures 
define a solid physical enclosure. As explained more fully 
elsewhere herein, the enclosed structure may have many 
shapes such as a generally cylindrical shape. Examples of 
suitable structures that may be used for a physical enclosure 
are depicted in FIGS. 1, 7, and 6. 

[0070] Regardless of any other functions, the wall of the 
reactor typically serves to confine species rotating in the 
region adjacent to and internal to the wall. The wall is 
confining in the sense that it confines the rotating species to 
remain within the reactor. As described herein, this wall of 
the reactor is referred to as the wall, the confining wall, or 
the shroud. In various embodiments, the wall also serves 
other functions: notably as an electrode, as a magnet, as a 
source of fusion reactants (e.g., boron compounds), and/or 
as an electron emitter. Because the wall constrains the 
reactants species physically rather than by a magnetic field 
or a pressure wave—as are done in conventional approaches 
to fusion—it is unlike any conventional fusion reactor 
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designs. Its other functions, such as being an electrode for 
imparting a voltage difference, being a magnet, being a 
source of reactant material, and being an electron emitter, 
provide additional distinctions from conventional fusion 
reactor designs. 

[0071] In certain embodiments, the reactor contains a wall, 
as described, and a space interior to the wall (which may be 
annular in shape) where reactant species, including a sub- 
stantial fraction or percentage of neutrals, rotate and repeat- 
edly impinge on the surface of the reactor wall and some- 
times fuse with species present in the wall. When accounting 
for the energy input to the reactor, the resulting reaction can 
breakeven and result in Q>1. To ensure that the fusion 
reaction is sustainable over a period required by particular 
energy-generation applications, the ratio of energy out to 
energy in should be significantly greater than 1. This 
accounts for inherent inefficiencies in using energy gener- 
ated by a fusion reaction to sustain the conditions that allow 
fusion to occur (e.g., particular plasma densities in the 
confinement region). In certain embodiments, the ratio 
should be at least about 1.2. In certain embodiments, the 
ratio should be at least about 1.5. In certain embodiments, 
the ratio should be at least about 2. In certain embodiments, 
the reactor is continuously operated under sustainable con- 
ditions for at least about fifteen minutes, or at least about one 
hour. In one example, hydrogen atoms rotate in the reactor 
and impinge on boron or lithium atoms in the reactor wall to 
undergo fusion. In some embodiments, the reactor includes 
one or more electron emitters that produce an electron flux 
that, during operation, produce a strong field that reduces the 
Coulombic repulsion between interacting nuclei. 

[0072] The reactants can be any species that can support a 
fusion reaction in the space interior to the confining wall of 
the reactor. In various embodiments, at least one of the 
reactants is a species that is rotating within the reactor 
interior region. In some cases, both of the reactants are 
rotating species. In some cases, one of the reactants is a 
rotating species and the other is a species that is held 
stationary, such as when a reactant is embedded in a part of 
the reactor wall that confines the rotating species. In some 
cases, there is some combination of reactants that are 
rotating and stationary such that fusion may occur between 
rotating species or between a rotating species and a station- 
ary species. In cases where the reacting species are predomi- 
nantly rotating species, the physical structure of the reactor 
may be configured such that the rotating species need not 
substantially impinge on the inner surface of a wall of the 
reactor to support a fusion reaction. In some designs, the 
rotating species are constrained by a force such as a force 
that prevents them from substantially striking the reactor 
wall. In such designs, two rotating species fuse in the region 
interior to the confining wall (e.g., the confinement region) 
or along the surface of the wall. In some designs, a rotating 
species may fuse with a stationary species (e.g., a target 
material) located within the confinement region. 

[0073] In certain embodiments, the reactants are species 
that react aneutronically. In other embodiments, the reac- 
tants are species that react neutronically. One or both of the 
reactants may also be a neutral, or uncharged, species. 
Sometimes the species present in the reactor are referred to 
as “particles.” However, such species are only particles at 
the molecular or atomic scale. 

[0074] The disclosed small-scale, e.g., table-top, aneu- 
tonic reactors require relatively little or no biological shield- 
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ing from neutron radiation. Fusion reactions in reactors 
described herein may be characterized as “warm fusion,” 
e.g., Where fusion occurs in the temperature range of about 
1000K to 3000K, and as such are much easier to handle 
compared to “hot fusion reactors” (e.g. those in tokamak 
reactors). Since the fusion is substantially aneutronic and 
“warm,” materials and thus costs associated with “warm 
fusion” reactors may be significantly reduced. For instance, 
in some cases, a prototype reactor has been built for less than 
$50,000. Since radiation shielding and the industrial-grade 
hardware commonly used for hot plasma reactors may not 
be required, the disclosed small-scale reactors may also have 
a small weight and footprint. 


[0075] The rotational motion of the species in the reactor 
may be imparted by a number of mechanisms. One mecha- 
nism imparts rotation via the application of interacting 
electric and magnetic fields. The interaction is manifest as a 
Lorentzian force that acts on charged particles in the reactor. 
Examples of reactor designs that can produce a Lorentzian 
force to act on charged species are depicted in FIGS. 1a-c 
and 6. FIGS. la-c depict a Lorentzian driven reactor where 
the reactor has inner electrode 120, and where the shroud 
(confining wall) is an outer electrode 110. An electric field 
144 between the electrodes in the presence of an applied 
magnetic field 146, having a perpendicular component, 
causes a Lorentzian force on charge particles or charged 
species traveling in between the electrodes. This force drives 
them azimuthally into rotation as indicated in FIG. 1c. In 
another class of reactor design, rotational motion is imparted 
to charged species by applying a potential or a change in 
potential sequentially to a plurality of electrodes arranged 
azimuthally around a wall of the reactor. An example of a 
suitable reactor design is shown in FIG. 7. 


[0076] In many implementations, the reactor is operated in 
a manner such that the rotating charged species interact with 
neutral species and impart angular momentum to those 
neutral species, thereby setting up rotational motion of the 
neutral species as well as the charged species within the 
reactor. In many implementations, the majority of rotating 
species are neutrals and the charged species are ionized 
particles such as a proton (p*). As described herein, this 
process may be referred to as ion-neutral coupling. FIG. 2a 
schematically illustrates the ion-neutral coupling process in 
which a few charged particles 204 impart motion to the 
surrounding neutral particles 206. 


[0077] In various embodiments, the reactor is designed to 
emit electrons in an internally localized region of the reactor 
where fusion events are expected to occur. Referring again 
to FIG. 2a, these electrons may form an electron-rich region 
232 near the confining wall 210. The presence of excess 
electrons lowers the Coulomb barrier and thereby increases 
the probability of fusion. As explained elsewhere herein, 
emitting electrons in this manner can produce an electron- 
rich region that reduces the intrinsic Coulombic repulsion 
between two positively charged nuclei, which are candidates 
for fusion. In certain embodiments, the electron emission 
occurs at or adjacent to the wall that confines the rotating 
species within the reactor. In one example, electron emission 
is provided by passive structures such as boron-containing 
coupons or strips embedded in or attached to the confining 
wall of the reactor. Such passive structures emit electrons 
when the localized temperatures increase during operation 
of the reactor. In other embodiments, electron emission is 
implemented using active structures that are controlled 
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independently of the heating produced during normal opera- 
tion of the reactor. An example of an active structure for 
electron emission is depicted in FIGS. 21a and 215 and 
includes separately controlled resistive elements for heating 
the individual electron emitters. 


[0078] Another aspect of this disclosure relates to struc- 
tures or systems for capturing and converting energy pro- 
duced by a fusion reaction within the reactor. One class of 
energy capture systems provides for direct capture of elec- 
trical energy produced by traveling alpha particles generated 
by the fusion reaction. This may be done by generating an 
applied electric field in the path of emitted alpha particles 
which causes the alpha particles to decelerate and generates 
an electric current in a circuit connected to the electrodes 
used to produce the electric field. Another class of energy 
capture systems provides for energy capture using heat 
engines such as those including a turbine, heat exchanger, or 
other conventional structure employed to convert thermal 
energy produced from the fusion reaction into mechanical 
energy. These and other energy capturing mechanisms will 
be discussed later in this disclosure. 


Interactions by Neutrals with the Wall 


[0079] Neutral species interacting with the wall of a 
reactor provide a different type of interaction than has been 
employed in conventional fusion studies. The repeated inter- 
actions take place over a relatively large volume, which may 
be the annular space next to the inner wall of or the inner 
surface of the confinement wall. Because the rotating neu- 
trals frequently interact elastically with the wall at a shallow 
angle, e.g., at a glancing or grazing angle, they may imme- 
diately leave the wall and reenter the interior space with 
much of the energy they had upon entry. FIG. 2b illustrates 
an example trajectory path a neutral 206 may have as it 
moves along the surface of the confinement wall 210. When 
a rotating neutral particle enters or strikes the wall, it 
typically encounters a potential fusion partner with which it 
may react or not. When it does not react, it re-enters the 
interior space where it continues on its rotational journey. In 
this manner, it repeatedly interacts with the surface of the 
wall, and in each such elastic collision little to no energy is 
lost. 


[0080] Some particle-wall interactions that do not result in 
fusion are illustrated schematically in FIGS. 3a-d. While the 
figures depict interactions with boron! and/or titanium, 
these interactions may also occur when other reactant mate- 
rials are used in the confinement wall. As illustrated in FIG. 
3a, in some fraction of the neutral-wall interactions, the 
neutral particle experiences an elastic collision with a 
nucleus in the wall (in this case an atom of boron*”), and the 
rebounding neutral maintains most of the energy it had going 
into the interaction. Of all neutral-wall interactions, elastic 
collisions typically have that highest occurrence. In a much 
smaller fraction of the collisions, depicted in FIG. 35, the 
nucleus ofthe neutral comes sufficiently close to the nucleus 
ofan atom in the wall that the collision becomes inelastic as 
a result of tunneling that occurs when the two nuclei come 
into very close proximity. FIG. 3c depicts yet another 
interaction that may occur; in this case, a neutral penetrates 
into the wall. This type of collision may occur somewhat 
frequently when the confinement surface contains a material 
such as titanium or palladium that may absorb hydrogen 
molecules. 
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[0081] FIG. 3d depicts an inelastic collision of a charged 
particle, e.g., a proton, with the confining wall. This situation 
contrasts with the frequent elastic collisions that neutrals 
such as atomic hydrogen have with the confining wall 
(previously depicted in FIG. 3a). When a charged particle 
approaches and departs from the confining wall, the particle 
may experience Bremsstrahlung energy loss. This energy 
loss is caused by electrostatic interaction between the 
charged particle and electrons in the electron-rich region. As 
a result of the electrostatic forces, some kinetic energy is 
lost, and high energy electromagnetic radiation such as 
x-rays are emitted. In conventional fusion reactors that focus 
on trying to fuse ionized particles, Bremsstrahlung radiation 
may result in significant energy loss. By using a weakly 
ionized plasma having a high proportion of neutrals to ions, 
these losses are largely avoided. 


[0082] In a certain fraction of tunneling interactions 
between the neutral nucleus in motion and the nucleus of an 
atom in the wall, fusion may occur. FIG. 4a depicts the 
stages of the aneutronic fusion reaction that occurs when a 
hydrogen atom or proton fuses with a boron 11 atom. First, 
in 482, a proton traveling at high velocity collides with a 
boron 11 atom, and the two nuclei fuse to form an excited 
carbon nucleus, depicted in 483. The excited carbon nucleus 
is short-lived, however, and decomposes into a beryllium 
nucleus and an alpha particle that is emitted having a kinetic 
energy of 3.76 MeV, as seen in 484. Finally, in 485, the 
newly formed beryllium nucleus almost immediately 
decomposes into two more alpha particles, each having a 
kinetic energy of 2.46 MeV. FIGS. 4b-e depict the various 
stages of the same proton-boron 11 fusion reaction shown in 
FIG. 4a in relation to the surface of the confining wall 412. 
FIG. 4a depicts a proton traveling at high velocity towards 
a surface of boron 11 atoms on the confining wall. As the 
neutral hydrogen atom approaches the confining wall it 
passes through and the electron-rich region 432, which 
partially screens the repulsive force between the two posi- 
tively charged nuclei. FIG. 4c depicts the stage at which the 
neutral hydrogen has fused with a boron atom to form a 
carbon nucleus. In FIG. 4d, the carbon nucleus has decom- 
posed into a beryllium nucleus one alpha particle. Lastly, in 
FIG. 4e, the beryllium nucleus decomposes, emitting two 
additional alpha particles. Because the potential reactants 
are neutral species rather than ions, most of their interactions 
with atoms in the surface of the confinement wall are elastic 
collisions. In contrast, a positively charged particle entering 
the wall will be deflected by electrostatic repulsive forces at 
a distance from other nuclei in the wall. These electrostatic 
interactions cause the charged particle to lose energy; 1.e., 
the collisions are inelastic. A neutral particle, which has a 
positively charged nucleus screened to a degree by the 
orbital electrons, does not experience the same repulsive 
force. As a consequence, the neutral is more likely to directly 
impact another atom in the wall. The use of neutrals rather 
than ions, therefore, increases the likelihood of a fusion 
reaction, and when a fusion reaction does not occur, the 
neutral is more likely to rebound elastically with a higher 
energy than a corresponding ion. 


[0083] Overall, the rotating neutral particles undergo 
many repeated interactions with the wall and those that are 
unproductive in producing a fusion reaction elastically 
rebound with relatively little energy loss. As mentioned, the 
neutrals tend to reemerge from the wall and with sufficient 
energy that they can enter into a next interaction with the 
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wall which might be productive in creating a fusion reaction. 
Each of the interactions with the wall has a probability of 
resulting in a fusion reaction between the neutral nucleus 
and the nucleus of an atom in the wall. 

[0084] Where the reactants are different species (e.g., **B 
and p”), the rate of fusion per unit volume is given by 


dN/dT=n n30v 


where n, and n, are the densities of the respective reactants, 
o is the fusion cross section at a particular energy, and v is 
the relative velocity between the two interacting species. For 
a system in which at least one species rotates in a confine- 
ment region and repeatedly strikes a confining wall contain- 
ing a second species, the values of the densities of the 
species may be on the order of 10% cm” for the rotating 
species and 10% cm”? for the immobilized species (e.g., 
boron), the values of the fusion cross section may be on the 
order of 1077? cm?, and the relative velocity of the interact- 
ing species may be on the order of 10° m/s. By comparison, 
for a tokamak reactor, the values of the density of each of the 
species is on the order of 10'* cm”?, the values of the fusion 
cross section are on the order of 107% cm?, and the relative 
velocity of the interacting species is on the order of 10% m/s. 
(Based on information provided in “Inertial Confinement 
Fusion.pdf” by M. Ragheb dated on Jan. 14, 2015.) Clearly, 
systems employing neutral species, like those described 
herein, have a strong advantage by virtue of their higher 
densities. The rate of fusion energy per unit volume for such 
systems exceeds that of tokamak and inertial confinement 
systems by at least about eight orders of magnitude. Thus, a 
system as disclosed herein can achieve a defined rate of 
energy production in about one-hundred-millionth of the 
volume of a tokamak or internal confinement system. 


Coulombic Barrier Reduction 


[0085] As explained, credible, prior approaches to nuclear 
fusion have energized fusion reactants and the supporting 
environment to extremely high temperatures, on the order of 
at least 150,000,000K (13000 eV). This is done to impart 
sufficient kinetic energy to the fusion reactants to overcome 
their natural electrostatic repulsion. In this environment, 
each reactant is a nucleus having an intrinsic positive charge 
which must first be overcome to allow some probability of 
a fusion reaction. 

[0086] Certain embodiments of the present disclosure 
employ much lower temperatures; e.g., on the order of 
2000K (0.17 eV) in fusion reactions. These embodiments 
employ neutral species as one or more reactants and/or 
modify the reaction environment to reduce the strong Cou- 
lombic repulsive force between reactant nuclei. Reduction 
of the Coulombic force may be accomplished in various 
ways including, for example, (1) providing an electron rich 
field in the region of the reaction and/or (ii) aligning the 
quantum mechanical spins of reactant nuclei. Depending on 
the structure of the reactor, the apparatus and methods for 
reducing Coulombic repulsion may take many forms. The 
following description assumes that the reactor includes an 
annular space with an outer confining wall or shroud. Other 
reactor structures can likewise produce reduced Coulombic 
repulsion environments that support fusion, but they may 
accomplish this in manners different than the one that 
follows. 

[0087] The following is provided as one possible expla- 
nation of the environment near the inner surface of a 
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confining electrode and should not be construed as a limi- 
tation on the practice of the disclosed embodiments. In this 
explanation, reactant species, particularly neutrals, rotate at 
high velocity and strike the inner surface of the electrode. 
Concurrently, electrons are emitted from or near the con- 
fining wall. The rapidly rotating neutrals have high angular 
velocity and therefore exert extreme pressure on the inner 
surface of the confining wall through an associated centrifu- 
gal force. Electrons emitted from the inner surface of the 
wall oppose this force. 


[0088] The emitted electrons will diffuse away from the 
location where they are emitted, e.g., away from the wall and 
toward an interior space. However, the centrifugal force of 
the neutrals constrains the electrons to the region near the 
inner surface of the outer electrode. A resulting thin region 
of balanced forces adjacent to the inner surface of the 
electrode possesses a strong field that reduces the Coulom- 
bic repulsion between reactant nuclei. 


[0089] The force balance may be expressed mathemati- 
cally as the equilibrium of (1) the gradient (in a direction 
away from the wall surface in which electrons are emitted) 
of the product of the temperature and the density of electrons 
and neutrals, and (ii) the centrifugal force exerted toward the 
inner surface. The centrifugal force is proportional to the 
product of the neutrals’ density, the radial position, and the 
square of their angular velocity. 


à 
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[0090] In this expression, r is the radial direction away 
from the inner surface of the confining electrode, K is the 
Boltzmann constant, T, and T, are the electron and neutral 
temperatures in Kelvin, n, and ng are the densities of elec- 
trons and neutrals, ng is the density of neutral species, m, is 
the mass of one rotating neutral species (e.g., a hydrogen 
atom), and o? is the square of the angular velocity of the 
rotating neutral species. 


[0091] Ina thin region next to the surface from which the 
electrons are emitted (e.g., the inner surface of the confining 
wall), the free electrons create a strong electrical field (see 
the schematic representation of electron-rich region 232 
adjacent confining wall 210 in FIGS. 2a-b). The high 
concentration of neutrals limits the mean free path of the 
electrons, preventing them from following ballistic trajec- 
tories and thus obtaining sufficient kinetic energy to signifi- 
cantly ionize the neutrals. Also, there are relatively few 
positive ions available for recombination because the neu- 
trals have a significantly higher density than the ions. For 
example, the prevalence of ions to neutrals may be in the 
ranges of less than about 1:10, less than about 1:100, less 
than about 1:1000, or less than about 1:10000. Hence the 
neutrals are frequently positioned between the electrons and 
positive ions. This set of conditions produces a high con- 
centration of excess electrons near the confining wall’s inner 
surface and hence a strong electric field. 


[0092] The combination of a large excess of electrons 
(over ions) in a very thin region (e.g., next to the inner 
surface of the electrode) and in the presence of a high 
concentration of neutrals produces a very strong electric 
field. In this region, the strong field reduces the Coulombic 
repulsion of interacting positively charged nuclei. Hence, 
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the probability of two positively charged nuclei coming in 
close proximity is significantly increased. 

[0093] Additionally, as mentioned, rotating particles 
impinging on the inner surface of the confining wall produce 
repeated opportunities for interacting fusion reactants. Neu- 
trals repeatedly pass through the electron-rich layer and 
strike the inner surface of the confining wall or shroud and 
reenter the interior space of the reactor. This impingement 
on the wall represents the radial component of centrifugal 
force produced by particles rotating in a constrained envi- 
ronment (e.g., the inner surface of the confining wall). The 
repeated collisions, contact, or strikes increase the probabil- 
ity of a fusion reaction in a given area over a given period 
of time. The repetition replaces the need for a long confine- 
ment time and addresses the concerns that led to Lawson’s 
criterion for characterizing prior approaches to fusion reac- 
tions. In simple terms, the overall probability of a fusion 
reaction is increased significantly. 

[0094] As an example, the electron-rich region may be 
characterized by any combination of the following param- 
eter values: 


[0095] Density of free electrons: about 10??/cm? 
[0096] Density of neutrals: about 10?9/cm? 
[0097] Density of positive ions: about 10'5-10'$/cm? 


(about 107? to 0.01% of neutrals) 

[0098] Difference in densities of electrons and positive 
ions: about 10% to 10%/cm* 

[0099] Thickness (radial) of free electron-rich region (re- 
gion where most of the electron density gradient exists): 
about 1 micrometer 

[0100] Electric field strength in the electron-rich region: 
about 10° to 10" V/m 

[0101] Electron temperature: about 1800-2000 K. (about 
0.15 to 0.17 eV) 

[0102] Centripetal acceleration: about 10° g's (where g is 
the acceleration due to gravity=9.8 me") 

[0103] The free electrons in such systems may be viewed 
as collectively catalyzing the fusion reaction of two nuclei. 
By analogy, one or more muons in association with protons 
and deuterons are sometimes described as catalyzing the 
fusion of hydrogen and deuterium atoms. Just as muons 
catalyze the fusion by allowing two fusing nuclei to get 
closer to one another, the free electrons in the vicinity of 
fusing nuclei catalyze fusion reactions described herein. 
Effectively, the electrons reduce the energy barrier that 
prevents the two reactants from coming close enough to 
react. This is very similar to the action of any catalyst in a 
chemical or physical context. Both muons and electrons 
increase the rate of reaction but do not actually participate in 
the reaction; they simply reduce the energy barrier required 
to bring the reactants in close enough proximity to react. 
[0104] However, muon and electron catalysis have few 
other similarities. Muon catalyzed fusion is not commer- 
cially viable for various reasons. Notably, muons have a 
much greater mass than electrons and hence producing them 
is much more energetically expensive. Further, only rela- 
tively few of them can be produced at any instant in time, 
which means the breakeven requirement for fusion is not 
attainable. For the proton-boron-11 reaction, breakeven 
fusion may require approximately 10*” successful fusion 
interactions per cubic centimeter per second. Only a few 
nuclei in a large pool would be able to benefit from muon 
catalyzed fusion, nowhere near the level needed to support 
fusion. 
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[0105] In contrast, electrons can be easily produced, and in 
high density. For example, in accordance with the tech- 
niques disclosed herein, electrons can be generated at den- 
sities of approximately 107“ per cubic centimeter or greater. 
With such high densities, the electrons act collectively to 
produce a high electric field, which over a relatively large 
volume reduces the Coulombic barrier to interaction 
between approaching nuclei. Such a relatively large volume 
permits the needed interactions to breakeven, i.e. at least 
about 10*” successful fusion interactions per cubic centime- 
ter per second. 


Terminology 


[0106] A “reactor” is an apparatus in which one or more 
reactants react to produce one or more products, often with 
an accompanying release of energy. The one or more reac- 
tants are provided in a reactor by continuous delivery, 
intermittent delivery, and/or a one-time delivery. 


[0107] They may be provided in the form of gasses, 
liquids, or solids. In some cases, a reactant is provided as a 
component of a reaction; for example, it may be included in 
a structure of the reactor such as a wall. Boron 11, lithium 
6, carbon 12, and the like may be provided in a confining 
wall of a reactor. In some cases, a reactant is provided from 
an external source such as from a gas supply tank. In certain 
embodiments, the reactor is configured to promote a nuclear 
fusion reaction having a Q>1. A reactor may have compo- 
nents for removal of products and/or energy produced dur- 
ing the reaction. Product removal components may be ports, 
passages, getters, and the like. Energy removal components 
may be heat exchangers and the like for removing thermal 
energy, inductors and similar structures for directly remov- 
ing electrical energy, etc. The reactor components may 
permit products and energy to be removed continuously or 
intermittently. In certain embodiments, a reactor has one or 
more confining walls that contain the reactants, and in some 
cases, provides a source of reactant, an electrical field, etc. 
As illustrated throughout this disclosure, reactors suitable 
for providing a sustained fusion reaction may have many 
different designs. 


[0108] A “rotor” is a reactor or reactor component in 
which one or more reactant or product species (particles) 
rotates in a space. The space may be defined at least in part 
by a confining wall as described herein. In some cases, the 
rotation is induced by a magnetic force, an electrical force, 
and/or a combination of the two, as in the case of a Lorentz 
force. In certain embodiments, the rotation is induced by 
applying an electrical and/or magnetic force to electrically 
charged particles in a manner that causes them to rotate in 
a confinement region; the rotating charged particles collide 
with neutrals to cause the neutrals to likewise rotate in the 
confinement region, a phenomenon sometimes called ion- 
molecule coupling. Because the neutrals are not affected by 
the electrical and/or magnetic force, they would not rotate in 
the confinement region absent the interaction with the 
charged particles. The confining wall or other outer structure 
of the rotor may have many closed shapes as described 
herein. In some embodiments, the outer structure has a 
generally or substantially circular or cylindrical shape. In 
such cases, the shape need not be geometrically exact, but 
may exhibit certain variations such as eccentricity around an 
axis of rotation, non-continuous curvature such as vertices, 
and the like. 
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[0109] In some cases, the confinement region of a rotor 
has an interior rod or other structure arranged concentrically 
with respect to the confining wall. In such cases, the rotor 
has an “annular space” where the particles rotate. When used 
herein, an “annular space” refers to a confinement region 
wherein the region is substantially ring-shaped. It should be 
understood that some rotors do not have an interior rod or 
other structure to define an annular space. In such cases, the 
confinement region of the rotor is simply a hollow structure. 
While an annular space may have a generally cylindrical 
shape, such a shape may exhibit certain variations such as 
eccentricity around an axis of rotation, non-continuous 
curvature such as vertices, and the like. 


[0110] The “Lorentz force” is provided by a combination 
of electric and magnetic forces on a charge due to the 
resulting electromagnetic fields. The magnitude and direc- 
tion of the force is given by the cross product of the electric 
and magnetic fields; hence the force is sometimes referred to 
as JxB. When the electric and magnetic fields have orthogo- 
nal directions, the force applied to a charged particle has a 
rotational direction that may be represented by the right- 
hand rule mnemonic. 


[0111] In fusion reactions, participating reactants and 
products, which may include protons, alpha particles, and 
boron (!! B), are not necessarily present in complete purity. 
To the extent that any such reactant, product, or other 
component of a reaction is presented herein, such compo- 
nent is understood to be substantially present. In other 
words, the component need not be present at the level of 
100% but may be present at a lower level, e.g., about 95% 
by mass or about 99% by mass. 


[0112] An aneutronic reaction is conventionally under- 
stood to be a fusion reaction in which neutrons carry no 
more than 1% of the total released energy. As used herein, 
an aneutronic reaction or a substantially aneutronic reaction 
is one that meets this criterion. 


[0113] 
p+B!!>3He*+8.68 MeV 


Examples of aneutronic reactions include: 


D+He?=>He*+p+18.35 MeV 
op+Li“—>He“+He*+4.02 MeV 
p+Li”>2He*+17.35 MeV 
p+p>D+e*+v+1.44 MeV 
D+p->He*+y+5.49 MeV 
He*+He*=>He*+2p+12.86 MeV 
p+C2>NB 4141.94 MeV 
NPC 4e*+y+y+2.22 MeV 
p CP—N^e7.55 MeV 
p+N'4->04y+7.29 MeV 
OP—>NP+et+v+y+2.76 MeV 


p+N—>CP+He“+4.97 MeV 


CP4CP—Na?4p«2.24 MeV 
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C4 CP —Na?He^44.62 MeV 


CPC Me? + y+13.93 MeV 
[0114] 


D+T=>He*+n+17.59 MeV 


Examples of neutronic reactions include 


D+D—He*+n+3.27 MeV 


T+T=>He*+2n+11.33 MeV 


[0115] The coulombic repulsion force is the electrostatic 
force experienced by two or more particles of the same 
charge. For two interacting particles, it is proportional to the 
reciprocal of the square of the separation distance (Cou- 
lomb’s law). Thus, the repulsion becomes significantly 
stronger as charged particles approach one another. The 
repulsive force experienced by a charged particle in an 
electric field produced by multiple charged particles is given 
by the superposition of the contributions of all charged 
particles in the vicinity. 

[0116] Lowering the coulombic barrier means that the 
commonly known and understood coulombic repulsion 
force typically calculated or experienced between two iso- 
lated particles is “lowered” or reduced by some calculable 
degree when the particles are in some proximity to a 
sufficient number of electrons or other charged particles to 
reduce the repulsive force that isolated particles would 
otherwise experience. As an example, the presence of excess 
electrons at a density of XX reduce the coulombic repulsive 
force between two positively charged YY particles in the 
domain of the electrons by ZZ %. 


Lorentzian Rotor Embodiments 


First Embodiment 


[0117] FIGS. 1a-c depict a first embodiment of a reactor in 
which charged particles, charged species, or ions are rotated 
by the Lorentz force. FIG. 1a is a cross-section view of a 
reactor, while FIG. 15 provides an isometric cutout view of 
the same reactor along of section A-A from FIG. la. Unless 
stated otherwise, directionality using the r, ©, and z coor- 
dinates pertains to a cylindrical coordinate system as shown 
in FIG. 15. In the depicted embodiment, a Lorentzian driven 
rotor has outer wall 110, which also serves as the outer 
electrode, and concentric inner electrode 120, sometimes 
referred to as a discharge rod, that is separated from the outer 
electrode by annular space 140. An electric field is formed 
across the annular space by applying an electric potential 
between the inner electrode 120 and the shroud 140. When 
a sufficient electric potential is applied between the elec- 
trodes, a portion of the gas in the annular space is ionized, 
and a radial plasma current across the annular space is 
generated. In various embodiments, the inner electrode is 
held at a high positive potential while the shroud is grounded 
such that the electric field, and the flow of current, is 
substantially in the positive r-direction. 

[0118] FIG. 1c depicts how the Lorentzian force is used to 
drive charged particles azimuthally within the confining wall 
110. In FIG. 1c, the discharge rod has been removed and the 
axis has translated in the z-direction to improve clarity. 
While not shown, a magnet such as a permanent magnet or 
a superconducting magnet is used to generate an applied 
magnetic field that is substantially parallel to the z-axis 
(substantially axial direction) within the annular space. The 
magnetic field is substantially perpendicular to the direction 
of the electrical current causing the moving charged par- 
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ticles, charged species, and ions to experience a Lorentz 
force in the azimuthal (or ©) direction. For example, con- 
sider the case in which the discharge rod has a positive 
potential vis-a-vis the outer electrode (e.g., the discharge rod 
has an applied positive potential while the outer electrode is 
grounded), thereby producing an electric field in the r-di- 
rection (144). In this configuration positively charged ions 
will move in the r-direction towards the outer electrode 
through the annular space 140. If a magnetic field concur- 
rently points in the z-direction (146), the ions will experi- 
ence a Lorentz force in the —8 direction, or clockwise 
direction as viewed from the perspective shown in FIGS. 15 
and 1c. In some cases the electric field and magnetic field 
may be at an angle that differs from the perpendicular yet is 
not parallel, such that perpendicular components, to a lesser 
or greater extent, are present in sufficient strength to create 
a sufficiently strong azimuthal Lorentz force. This azimuthal 
force acts on charged particles, charged species, and ions, 
which in turn couple with neutrals such that neutrals in the 
annular space between the central discharge rod and outer 
electrode also are made to move at high rotational velocity. 
The lack of any moving mechanical parts means that there 
is little limitation to the speed at which rotation can occur, 
thus providing rotation rates of neutrals and charged par- 
ticles that are in excess of, for example, 100,000 RPS. 


Reverse Electrical Polarity Embodiment 


[0119] FIGS. 5a-d depict another embodiment in which a 
reactor may utilize a Lorentzian force to drive ions and 
neutrals, through ion-neutral coupling, into rotation. Reac- 
tors configured for reverse electrical polarity differ from the 
reactors depicted in FIGS. 1a-c in that the electric field, and 
the flow of current (by convention in the direction of positive 
charge movement), is substantially in the negative r-direc- 
tion. FIG. 5a is a cross-section view of a reactor, while FIG. 
5b provides an isometric cutout view of the same reactor 
along of section A-A from FIG. 5a. A reverse electrical 
polarity rotor has outer electrode 510 and concentric inner 
electrode 520 that is separated from the outer electrode by 
annular space 540, sometimes referred to herein as a con- 
finement region. A radial electric field directed towards the 
inner electrode may be formed in the annular space by 
applying an electric potential to the inner electrode and/or 
the outer electrode. When a sufficient electric potential is 
applied between the electrodes, a portion of the gas in the 
annular space is ionized, and a radial plasma current across 
the annular space is generated. 

[0120] FIG. 5c depicts how the Lorentzian force is used to 
drive charged particles azimuthally within the reactor. In 
FIG. 5c, the inner electrode has been removed from view, 
and the depicted axis has been translated in the z-direction 
to improve clarity. While not shown, a magnet such as a 
permanent magnet or a superconducting magnet is used to 
generate an applied magnetic field that is substantially 
parallel to the z-axis (i.e., in a substantially axial direction) 
within the annular space. The magnetic field is substantially 
perpendicular to the direction of the electrical current caus- 
ing the moving charged particles, charged species, and ions 
to experience a Lorentz force in the azimuthal (or ©) 
direction. For example, consider the case in which the inner 
electrode has an applied negative potential while the outer 
electrode is grounded (or held at a positive potential) pro- 
ducing an electric field in the negative r-direction (544). In 
this configuration, positively charged ions will move in the 
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negative r-direction towards the inner electrode through the 
annular space 540. If a magnetic field concurrently points in 
the z-direction (546), the ions will experience a Lorentz 
force in the +0 direction or counterclockwise direction as 
viewed from the perspective shown in FIGS. 56 and 5c. In 
some cases, the electric field and magnetic field may be at 
an angle that differs from the perpendicular yet is not 
parallel, such that perpendicular components, to a lesser or 
greater extent, are present in sufficient strength to create a 
sufficiently strong azimuthal Lorentz force. This azimuthal 
force acts on charged particles, charged species, and ions, 
which in turn couple with neutrals such that neutrals in the 
annular space are also made to move at high rotational 
velocity. The lack of any moving mechanical parts means 
that there is little limitation to the speed at which rotation 
can occur, thus providing rotation rates of neutrals and 
charged particles that are in excess of, for example, 100,000 
RPS. 


Reverse Fields Embodiment 


[0121] FIGS. 6a-d depict multiple views of another reac- 
tor embodiment that utilizes a Lorentzian force to drive ions 
and neutrals, through ion-neutral coupling, into rotation. The 
reactor of this embodiment operates using a reverse fields 
configuration. Reactors having this configuration differ from 
the reactors depicted in FIGS. la-c and FIGS. 5a-d in that 
the orientation of the electric field and the magnetic field 
within the confinement region are reversed. In this configu- 
ration, the magnetic field, instead of being substantially 
parallel to the z-axis, is directed radially in the positive or 
negative r-direction. Similarly, the electric field, rather than 
being directed radially, is substantially parallel to the z-axis. 
FIG. 6a is an isometric view of the reactor, FIG. 6b is a view 
of the reactor in the z-direction, FIG. 6c is an isometric 
section view of the reactor (corresponding to line A-A in 
FIG. 65), and FIG. 6d provides a side view of the reactor. 
The depicted embodiment includes an inner ring magnet 626 
and a concentric outer ring magnet 616 that also serves as 
the confining wall. The ring magnets have their poles 
oriented in the same direction, such that corresponding 
surfaces of the inner and outer ring magnets are the same. In 
this case, the exterior surface is a north pole 658, and the 
interior surface is a south pole 659. In some embodiments, 
there may be one or more additional layers of material on the 
interior surface of magnet 658 such that the confining 
surface material is different from the magnetic material. The 
region between concentric magnets forms the annular space 
640 which is bound in the z-direction by electrodes on one 
end of the confinement region 660a and electrodes on the 
other end of the confinement region 6605. Generally, all the 
electrodes on either side of the confinement region (corre- 
sponding to electrodes 660a or to electrodes 6605) are given 
a similar electric potential. Unlike in the depicted hybrid 
reactor, electrodes 660a (or to electrodes 6605) may be a 
single contiguous electrode forming, for example, a ring or 
a disk shape. If electrodes 660a are grounded and electrodes 
on the other side of the annular space 6605 are given a 
positive potential then an electric field is applied through the 
confinement region in the positive z-direction. If the mag- 
netic field points in the r-direction (as depicted) the orthogo- 
nal electric and magnetic fields cause ions to rotate azimuth- 
ally in the O direction (see, e.g., FIG. 6c). Alternatively, if 
an electric field was pointed in the negative z-direction by 
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applying a positive potential to electrodes 660a while 
grounding electrodes 6605, ions would rotate in the -© 
direction. 


Wave-Particle Embodiments 


[0122] A second embodiment of a controlled fusion device 
is shown in FIGS. 7a and 7b in which ions rotate as a result 
of oscillating electrostatic fields. In this embodiment ions 
are accelerated azimuthally by electric fields produced from 
multiple discrete wall electrodes 714 located on, or forming, 
an outer ring, optionally in combination with interior elec- 
trodes 724 located on, or forming, an inner ring to generate 
localized, azimuthally-varying electric fields within an 
annular space 740. In some cases, the wall electrodes 
collectively form the confining wall, and in some cases, the 
wall electrodes may be disposed on or within a portion of a 
confining wall or scaffold. The electric field advances azi- 
muthally in a controlled sequence such that the electrostatic 
force applied to ions proceeds sequentially in a substantially 
azimuthal direction (in the O or -8 direction). In this way, 
charged species are accelerated akin to a Maglev train that 
is propelled by oscillating magnetic fields along a train track. 
An oscillatory potential may be applied to the electrodes. 
The oscillations may vary in phase or other parameter from 
one electrode to the next to induce or maintain rotational 
movement of ions. 


[0123] Ions present in the annular space experience an 
electrostatic force as a result of electric fields, and only a 
relatively small number or percentage of ions are needed to 
drive large numbers or percentages of neutrals through the 
principle of ion-neutral coupling. Ions used to drive the 
neutrals into rotation may be generated by any suitable 
mechanism such as inductive or capacitive coupling. In 
some embodiments, ions are generated when an RF charge 
sequence is applied to the wall and/or interior electrodes. In 
some embodiments the wall and/or interior electrodes may 
first undergo an initial charge sequence to ionize some of the 
neutral gas in the annular space and then transition to a 
different charge sequence that drives the rotation of ions. For 
example, a charge profile used to ionize a gas might simply 
involve grounding the confining wall electrodes 714 while 
applying a high potential to the interior electrodes 724. In 
some embodiments, a gas that is already partially ionized 
may be introduced into the annular space 740. 


[0124] While FIGS. 7a and 7b depict two binary charge 
profiles that may be used to drive ion rotation in the annular 
space, many alternative charge sequences are possible. In 
some charge sequences, an electrode may be, for instance, 
held at a ground potential for a duration of time or may have 
a charge sequence that is asymmetrical (e.g., a positive 
potential is held for twice the duration of a negative poten- 
tial). 


[0125] In certain embodiments, this system does not 
require a magnetic field such as an axial static magnetic 
field. FIG. 7a depicts an example of this embodiment taken 
at a first point in in time when the electrodes are provided 
with a first potential profile such that ions (e.g., a cloud or 
a grouping of ions) 704 experiences a force in the -O” 
direction. FIG. 75 depicts the embodiment of FIG. 7a at a 
later point in time when the electrodes are provided with a 
different potential profile such that ions 704 continue to 
experience an azimuthal force in the -© direction. 
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Hybrid Embodiments 


[0126] In certain embodiments a reactor includes features 
for producing both Lorentzian force and an oscillating 
electrostatic field to drive tons and neutrals, through ion- 
neutral coupling, into rotation. At any stage of operation, the 
reactor may use one or both of these mechanisms. FIGS. 6a-f 
depict an example reactor suitable for such operation. FIG. 
6a is an isometric view of the reactor, FIG. 6b is a view of 
the reactor in the z-direction, FIG. 6c is an isometric section 
view of the reactor (corresponding to line A-A in FIG. 65), 
FIG. 6d provides a side view of the reactor, and FIGS. 6e and 
6f are section views (corresponding to line B-B in FIG. 6d) 
at different points in time. The depicted embodiment 
includes an inner ring magnet 626 and a concentric outer 
ring magnet 616 that also serves as the confining wall. The 
ring magnets have their poles oriented in the same direction, 
such that corresponding surfaces of the inner and outer ring 
magnets are the same. In this case, the exterior surface is a 
north pole 658, and the interior surface is a south pole 659. 
In some embodiments, there may be one or more additional 
layers of material on the interior surface of magnet 658 such 
that the confining surface material is different from the 
magnetic material. The region between concentric magnets 
forms the annular space 640 which is bound in the z-direc- 
tion by one or more pairs of electrodes 660a and 6605. When 
electrode pairs 660a and 6605 are given different potentials, 
an electric field substantially parallel to the z-direction is 
generated in the annular space, for example, by applying a 
positive potential to electrodes 660a while grounding elec- 
trodes 6605. When ions are generated in the annular space, 
the orthogonal electric and magnetic fields cause them to 
rotate azimuthally in the -© direction (see, e.g., FIG. 6c). If 
a positive potential were applied to electrodes 6605 while 
electrodes 660a were grounded, ions would rotate in the O 
direction. 

[0127] In some embodiments, as depicted in FIGS. 6a-e, 
a plurality of electrodes 660a and 6605 are distributed 
radially along the annular space. In such cases, the reactor 
may be driven in a fashion similar to that of the reactor in 
FIGS. 7a and 7b. During operation, each electrode pair is 
driven with a substantially similar electric potential that 
differs from the potential of an adjacent electrode pair such 
that a localized electric field is generated in the O direction. 
As depicted in FIGS. 6d and 6e, the voltages applied to 
electrode pairs can be modulated in a controlled sequence so 
that the electrostatic force applied to ions presents a sub- 
stantially continuous azimuthally (in the © or -© direction) 
varying component. In some configurations, a reactor may 
be configured to operate in a manner that initially drives ions 
and neutrals by a Lorentzian force and then transitions to 
driving ions and neutrals using the just described alternating 
electrostatic fields.6. 


Reactor Types (Sizes) 


[0128] In one aspect, reactors may be classified into 
groups by the power output they provide. In this manner 
reactors of the present disclosure are, for purposes of this 
discussion, divided into small, medium and large scale 
reactors. Small scale reactors are typically capable of gen- 
erating between about 1-10 kW of power. In some embodi- 
ments, these reactors are used for personal applications such 
as powering automobiles or providing power to a household. 
The next classification is medium scale reactors which 
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typically deliver between about 10 kW-50 MW of power. 
Medium scale reactors may be used for larger applications 
such as server farms, and large vehicles such as trains, and 
submarines. Large scale reactors are reactors that are 
designed to output between about 50 MW-10 GW of power 
and may be used for large operations such as powering 
portions of a power grid and/or industrial power plants. 
While these three general classifications provide practical 
categories to which the present disclosure may relate, reac- 
tors disclosed herein are not tied to any of these categories. 
[0129] The surface area (product of the perimeter and 
axial direction) of a shroud or confining wall typically limits 
the maximum power that may be generated by a reactor. A 
shroud having a large surface area supports fusion reactions 
over the large area of an interior surface (e.g., 122 in FIG. 
la). For small scale reactors, the radius of the interior 
surface of the shroud is typically about 1 centimeter to about 
2 meters and the surface area of the interior surface is 
typically between about 5 cm“ and 20 cm”. For a medium 
scale reactor, the radius of the interior surface of the shroud 
is typically about 2 m to about 10 m and the surface area of 
the interior surface is typically between about 25 m? and 150 
m°. For a large scale reactor, the radius of the interior surface 
of the shroud is typically about 10 meters to about 50 meters 
and the surface area of the interior surface is typically 
between about 125 m? and 628 m". In some cases the radius 
of the interior surface may be on the order of kilometers, 
having a similar footprint to the Large Hadron Collider 
(LHC) run the CERN laboratory in Switzerland. Each of the 
above values assumes a single reactor that stands alone or is 
part of a contiguous stack of reactors (described below). 


First Embodiment 


[0130] FIGS. 14-c depict the structure of a reactor having 
concentric electrodes that utilizes a Lorentzian rotor to drive 
charged particles and fusion reactants into rotation. This 
embodiment has an inner electrode 120, an outer electrode 
110, and an annular space 140 between the two electrodes. 
During operation, an applied potential between these elec- 
trodes creates an electric field 144 that is substantially in the 
r-direction. While not shown, this embodiment also includes 
permanent magnets or an electromagnet (e.g., a supercon- 
ducting magnet) that generates a magnetic field 146 in the 
z-direction between the inner and outer electrodes. As 
depicted in FIG. 1c, charged particles moving between the 
electrodes experience an azimuthally directed force, or a 
Lorentzian force, as a result of the radial electric field and 
the axial magnetic field. 

[0131] As shown, the reactor depicted in FIG. 1a has a gap 
142 that radially separates the outer surface of the inner 
electrode 112 and the interior surface of the outer electrode 
122. While the surface areas of the facing surfaces of the 
inner and outer electrodes may dictate the scale of a reactor, 
the radial gap may remain relatively constant across a wide 
range of applications. In some cases, the upper limit ofa gap 
may be limited by the power available to ionize gas in the 
annular space and generate a plasma current, while the lower 
limit of the gap may be limited to manufacturing tolerances. 
When a gap is very small, e.g. less than 0.1 mm, any 
misalignment between the electrodes may cause the elec- 
trodes to touch creating a short circuit. Of course, as 
manufacturing tolerances allow greater precision, smaller 
gaps may be feasible. In some embodiments, the gap may be 
between about 1 mm and about 50 cm, and in some 
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embodiments, the gap may be between about 5 cm and about 
20 cm. In some cases, the gap may vary along the r-direction 
and/or the z-direction of a reactor. For example, the radius 
of the inner electrode may vary as a function of position 
along the z-axis while the radius of the inner surface of the 
outer electrode is constant. 

[0132] The length in the z-direction of the confining wall 
created by the outer electrode may be determined by the 
radial dimensions and the power generation requirements of 
the reactor. In some embodiments, the length of the outer 
electrode in the z-direction may be limited by the type and 
configuration of magnets used to create the magnetic field. 
For example, if permanent magnets are placed on either end 
of the annular space along the z-direction (as depicted in 
FIG. 11), the outer electrode may be limited to about 5 or 
about 10 cm in the z-direction. If, however, the magnetic 
field is generated using multiple permanent ring magnets, as 
shown in FIGS. 16 and 17, or an electromagnet or a 
superconducting magnet, as shown in FIG. 10, the length of 
the outer electrode in the z-direction may be much longer. 
For example, the outer electrode may be between about 1 
meter and about 10 meters. Generally, the outer electrode 
110 is of a similar length to the inner electrode 120, however, 
this need not always be the case. In some embodiments, the 
inner electrode may extend beyond the outer electrode in 
one or both directions. In some embodiments, the length of 
the outer electrode may exceed the length of the inner 
electrode such that the outer electrode extends beyond the 
inner electrode in one or both directions. 

[0133] While FIGS. 1a-15 depict one configuration in 
which a solid, circular inner electrode is used in conjunction 
with circular outer electrodes, there are many permutations 
of electrode shapes that may be used in this configuration. 
Several non-limiting examples of alternate embodiments 
will be apparent to those of skill in the art and are discussed 
with reference to FIGS. 8a-b and FIGS. 9a-c. While several 
illustrative examples are provided, one can easily under- 
stand how many additional electrode shapes are feasible. 
[0134] As depicted in FIG. 8a, in some embodiments the 
inner electrode 820 may be a ring-like structure that is not 
solid all the way through. Providing a cavity or an open 
space within the inner electrode may be useful for heat 
dissipation, the use of internal magnets such shown in FIGS. 
17a-c, or the use of other components within the reactor. In 
some cases, the radius of the inner and outer electrodes may 
vary along the z-direction of a reactor. For example, as 
shown in FIG. 8a, an inner electrode 820 may have a larger 
circumference at some locations along the z-direction, 
reducing the gap 842 at those locations. Conversely, a 
uniform inner electrode may be used with an outer electrode 
having an inner radius that changes or even fluctuates along 
the z-direction. In some instances, such as the embodiment 
depicted in FIG. 85, both the radius of the inner electrode 
820 and the radius on the inner surface of the outer electrode 
810 vary in the z-direction such that the gap 842 is main- 
tained along the z-direction of the reactor. 

[0135] FIGS. 9a-c depict cross sections of reactors that 
have non-circular cross sections. As depicted, in some 
embodiments, the inner electrode 920, and the outer elec- 
trode 910 may have a radius that varies azimuthally, 1.e., in 
the 0 direction. In some cases, the surfaces of the inner and 
outer electrodes (912 and 922) may have an elliptical cross 
section as shown in FIG. 9a. In some cases, the major and 
minor axis of an ellipse-shaped cross section electrode may 
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only be off by a small percentage, for example, less than 1%. 
In some embodiments surface 912 and/or 922 may form a 
polygonal cross section, such as the reactor shown in FIG. 
9b having a cross section that forms a heptagon. In some 
embodiments surfaces 912 and 922 may have 4 or more 
sides; in some embodiments more than 8 sides, and in some 
embodiments more than 16 sides. Having corners on surface 
912 may be advantageous in certain situations; for example, 
rotating particles may have an increased rate of collisions 
with target materials at corner locations resulting in an 
increased rate of fusion. In some embodiments, such as in 
the reactor configuration depicted in FIG. 9c, the radius of 
the inner or outer electrodes, defined by surfaces 912 and 
922, may vary in the 6 direction such that the cross section 
of either surface has a patterned edge; e.g., an edge that is 
sinusoidal, saw-tooth shaped, or square-wave shaped. While 
the inner and outer electrodes in the depicted embodiments 
are co-axial, in some embodiments the axes of the inner and 
outer electrodes are offset, e.g., the annular space is eccen- 
tric, such that the inner and outer electrodes have z-direction 
axes that are substantially parallel but not collinear. 


[0136] Materials for inner and outer electrodes may 
depend on the reactor size, selected fusion reactants, and 
other parameters that govern the operation of a fusion 
reactor. In general, there are many trade-offs such as ranges 
in cost, thermal properties, and electrical properties that 
determine which materials are selected for reactors. Refrac- 
tory metals (e.g., tungsten and tantalum) may be chosen for 
small scale reactors because of their extremely high melting 
points and relatively high electrical conductivity at high 
temperatures; however using these materials in a large scale 
reactor may significantly increase the cost of a reactor. 


[0137] In certain embodiments, the electrode materials 
have a sufficiently high melting temperature to withstand the 
thermal energy released during operation of the reactor. For 
the outer electrode, forming the confining wall on which 
fusion reactions may occur, the thermal energy release is 
often great. To withstand regular use, the material of the 
outer electrode should have a melting temperature that is in 
excess Of temperatures reached by the electrodes during 
operation of the reactor. In some cases the material chosen 
for an electrode is greater than about 800“ C., in some cases 
the melting temperature of an electrode is greater than about 
1500 C, and in other cases the melting temperature is greater 
than about 2000° C. 


[0138] In many embodiments, it is beneficial for the 
electrode material to have a high thermal conductivity. If 
heat can be extracted from an electrode (e.g., using a heat 
exchanger) at an equivalent rate to which heat is introduced 
to the electrode during steady state conditions, then a reactor 
may be suitable for continuous operation. When an electrode 
material has a high thermal conductivity, the rate at which 
heat be extracted may be improved and concerns of over- 
heating are reduced. In some cases the thermal conductivity 
is greater than about 


m? K 
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in some cases the thermal conductivity is greater than about 


and in some cases the thermal conductivity is greater than 
about 


200 
m? K 
[0139] In certain cases, such as when a reactor is config- 


ured for pulsed operation, it may be beneficial for the 
electrode material to have a high heat capacity. By having a 
high heat capacity, an electrode increases in temperature at 
a slower rate during operation of the reactor. When used in 
a pulsed operation, the generated thermal energy may con- 
tinue to be dissipated through the electrodes between pulses, 
preventing the electrodes from reaching their melting tem- 
perature. In some cases the specific heat of the electrode 
should be higher than about 0.25 J/g/° C., in some cases, the 
specific heat should be greater than about 0.37 J/g/? C., in 
other cases, the specific heat should be higher than about 
0.45 J/g/? C. 

[0140] In certain embodiments, the electrode material has 
a relatively small coefficient of thermal expansion. In some 
cases, by having a low coefficient of thermal expansion a 
reactor may have improved performance over a greater 
range of temperatures. For example, if a reactor has a gap 
that is about 1 millimeter at room temperature, the gap may 
be proportionally much smaller during steady state operation 
due to the expansion of the inner and/or outer electrodes. If 
a thermal coefficient is too high, the outer and inner elec- 
trodes may touch causing a short circuit. Alternatively, if a 
reactor is designed to have a certain gap at operating 
temperatures, the gap may be larger than desired when a 
reactor is first turned on. In some cases the linear coefficient 
of thermal expansion of an electrode material is less than 
about 4.3x107% C.7", in some cases the linear coefficient of 
thermal expansion of an electrode material is less than about 
6.5x10? C.-!, and in other cases the linear coefficient of 
thermal expansion of an electrode material is less than about 
17.3x107% C.7!. 

[0141] To facilitate reactor operation, the electrodes may 
be designed to have mechanical properties such as resistance 
to degradation during thermal cycling. Under certain con- 
ditions, some materials, e.g. stainless steels, become brittle 
and eventually experience fatigue as a result of thermal 
cycling. If a reactor operates in pulsed operation and an 
electrode is rapidly heated and cooled, internal stress may 
develop. In some cases, the effects of thermal loading cycles 
may be reduced by using an electrode having a single bulk 
material, or by using two or more materials having similar 
coefficients of expansion. Certain materials may experience 
deformation due to creep at high temperatures. Thus elec- 
trode materials may be chosen to maintain their strength at 
elevated temperatures. 

[0142] Electrode materials may be chemically inert and 
not significantly affected by oxidation, corrosion, or other 
chemical degradation over the lifetime of a reactor. Another 
consideration for electrode materials is whether or not they 
are ferromagnetic. In some cases, if ferromagnetic materials 
are used, internal localized magnetic fields are created that 
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may interfere with establishment or maintenance of the 
intended magnetic field within the annular space. 


[0143] In a Lorentzian driven reactor having concentric 
electrodes, the inner and outer electrodes may be made from 
a material that is sufficiently conductive such that, during 
operation, an electric potential is evenly applied over the 
surfaces of the electrodes. In certain embodiments, at room 
temperature, the resistivity of the inner or outer electrode 
material is less than about 7x107” Qm, and in some cases 
less than about 1.68x107* Qm. In addition to being conduc- 
tive at room temperate, when a reactor is not in operation, 
the inner and outer electrodes may be conductive at higher 
operating temperatures. During operation the inner or outer 
electrode may reach temperatures of between about 600° C. 
to about 2000? C. During operation, the resistivity of the 
outer electrode material should be no greater than about 
1.7E-8 Qm, and in some cases no greater than about 1E-6 
Qm. 


[0144] In cases where reactants or by-products include 
hydrogen or helium, consideration may be given to a mate- 
rial's resistance to hydrogen embrittlement. Hydrogen 
embrittlement is a process by which metals such as stainless 
steel become brittle and in some cases fracture due to the 
introduction and subsequent diffusion of hydrogen atoms or 
molecules into the metal. Since the solubility of hydrogen 
increases at higher temperatures, the diffusion of hydrogen 
into the electrode material may increase during operation of 
the reactor. When assisted by a concentration gradient in 
which there is significantly more hydrogen outside the metal 
than inside, e.g., caused by the centrifugal densification of 
hydrogen atoms that impinge on the confining wall, the 
diffusion rates may be increased further. Individual hydro- 
gen atoms within the metal gradually recombine to form 
hydrogen molecules, creating an internal pressure in the 
metal. Additionally, or alternatively, entrained hydrogen 
molecules themselves create internal pressure. This pressure 
can increase to levels where the metal has reduced ductility, 
toughness, and tensile strength, up to the point where cracks 
form and the electrode fails. In some cases, in which a metal 
contains carbon (e.g. carbonized steel) an electrode may be 
susceptible to a process known as hydrogen attack in which 
hydrogen atoms diffuse into the into the steel and recombine 
with carbon to form methane gas. As methane gas collects 
within the metal, it generates internal pressure that may lead 
to mechanical failure of the device. While methods for 
reducing the effects of the hydrogen embrittlement are 
described elsewhere herein, in general, a material’s suscep- 
tibility to embrittlement is considered when designing elec- 
trodes. In some cases, electrodes may include platinum, 
platinum alloys, and ceramics such as boron nitride, each of 
which resist hydrogen embrittlement. In some cases, the 
metallurgical structure may be modified so that the effect of 
hydrogen in the lattice of a metal is less detrimental. For 
example, in some cases a metal or metal alloy may undergo 
a heat treatment to achieve a desired metallurgical structure. 


[0145] In various embodiments, the inner and outer elec- 
trodes are primarily constructed of metals and metal alloys. 
In some embodiments, the inner and/or outer electrode is 
made at least in part from a refractory metal having a high 
melting temperature. Refractory metals are known for being 
chemically inert, suitable for fabrication using powder met- 
allurgy, and are stable against creep at very high tempera- 
tures. Examples of suitable refractory metals include nio- 
bium, molybdenum, tantalum, tungsten, rhenium, titanium, 
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vanadium, chromium, zirconium, hafnium, ruthenium, rho- 
dium, osmium and iridium. In one example, at least the outer 
electrode includes tantalum. 

[0146] In some embodiments, one or both electrodes are 
made using stainless steel. Benefits of stainless steel include 
its machinability and resistance to corrosion. In some cases, 
electrodes are made at least in part from a non-carbon based 
stainless steel, such as Incoloy, which may be more resistant 
than carbonized stainless steels to hydrogen embrittlement. 
In some cases, an electrode may be made at least in part of 
a nickel alloy that maintains its strength at very high 
temperatures such as Inconel, Monel, Hastelloys, and 
Nimonic. In some cases, electrodes are made at least in part 
from copper or a copper alloy. In some cases, an electrode 
is configured with one or more channels for internal cooling 
to extract heat, such that materials with lower resistance to 
extreme temperatures may be used. 

[0147] While absorption of a small atom fusion reactant 
such as hydrogen, deuterium, or helium may lead to a 
mechanical failure of an electrode, under some operating 
conditions, deleterious embrittlement effects may be 
reduced or eliminated for certain materials. For example, 
under some conditions hydrogen absorbing materials such as 
palladium-silver alloys appear to be impervious to hydrogen 
embrittlement (Jimenez, Gilberto, et al. “A comparative 
assessment of hydrogen embrittlement: palladium and pal- 
ladium-silver (25 weight % silver) subjected to hydrogen 
absorption/desorption cycling” (2016), which is incorpo- 
rated herein by reference in its entirety). In such cases, 
absorption of a fusion reactant may increase the rate of a 
fusion reaction, for example, a rotating gas reactant such as 
hydrogen may collide with a fixed hydrogen atom fixed on 
the outer electrode (or the confining wall). In some cases, 
reactants are provided to the reactor by diffusing reactants 
through the inner and/or the outer electrode. In some cases, 
an electrode may include titanium, palladium, or a palladium 
alloy for the purpose of delivering fusion reactants or 
increasing the rate of collisions between fusion reactants. 
[0148] In some cases, as discussed elsewhere herein, an 
outer or inner electrode may include an electron emitting 
material having a high electron emissivity. In some cases, an 
outer electrode may include a target material that includes a 
fusion reactant. In some cases, the target material is con- 
sumed during operation as a result of a fusion reaction. For 
example, in some cases, lanthanum hexaboride is used as a 
target material, and boron-11 atoms are consumed during a 
proton-boron reaction. 


First Embodiment—Electrodes 


[0149] In some embodiments the outer electrode is mono- 
lithic, being made from a single material, and in other 
embodiments, the outer electrode has a layered or segmented 
structure including two or more materials. In some embodi- 
ments, the interior surface of the outer electrode, the con- 
fining wall, includes a target material (a material containing 
a fusion reactant), or an electron emitting material. In some 
cases, a target material or an electron emitter may cover the 
entire surface area of the confinement wall, and in some 
cases, a target material or electron emitter is located at one 
or more discrete locations along the confinement wall (e.g., 
as depicted by the electron emitters in FIGS. 21a-b). 

[0150] In some cases, an inner layer of the outer electrode 
provides one property while a more exterior layer provides 
a different property. For example, an interior layer that forms 
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the surface of the confinement wall may have a high melting 
temperature, while an exterior layer may have a superior 
thermal conductivity or electrical conductivity. 


[0151] In some cases, an electrode may include a layer of 
material forming the confinement wall that has a higher 
resistance to hydrogen embrittlement than the rest of the 
electrode. In some cases, an electrode includes a ceramic 
coating that can prevent hydrogen atoms from penetrating 
into the lattice of the outer electrode or provide thermal 
insulation of the bulk electrode material. In some embodi- 
ments, an outer electrode may have a layer of aluminum 
nitride, aluminum oxide, or boron nitride. Some materials 
that have a low electrical conductivity at room temperature 
(e.g. boron nitride) may be heat treated to improve their 
electrical conductivity. In some cases, an electrode may 
undergo a surface treatment that adds material to the elec- 
trode surface and reduces hydrogen embrittlement. For 
example, when an electrode is made out of a material that is 
susceptible to hydrogen embrittlement (e.g., tantalum), 
embrittlement may be reduced by adding minor amounts of 
a noble metal to the electrode surface. In some cases, the 
noble metal may only cover a small portion of the electrode 
surface. For example, the noble metal may cover less than 
about 50%, less than about 30%, or less than 10% of the 
electrode surface while providing a significant reduction of 
hydrogen embrittlement to the electrode. In some cases, 
small amounts of platinum, palladium, gold, iridium, rho- 
dium, osmium, rhenium, and ruthenium may be added to an 
electrode surface to reduce hydrogen embrittlement. In some 
cases, small spots (e.g., about 0.5 inches in diameter) of 
noble metal may be riveted or welded to the electrode 
surface. In some cases, a noble metal powder may be added 
to a reactor, and during normal operation, the powder is 
sputtered onto the electrode surface. In some cases, a nobel 
metal may be periodically added to the surfaces of elec- 
trodes, e.g., after reactor has operated for a predetermined 
amount of time. 


[0152] In some cases, a sleeve is attached to the interior 
surface of the outer electrode, such that the interior surface 
of the sleeve forms the confinement wall. In some cases, a 
sleeve may be used to, e.g., provide a target material, 
provide an electron emitter, provide a barrier for hydrogen 
penetration into the outer electrode, and/or provide thermal 
protection to the outer electrode. In some cases, a sleeve is 
consumable and/or replaceable. For example, if the sleeve 
contains a target material that is consumed, the sleeve may 
eventually be replaced. In other cases, a sleeve acts as a 
sacrificial layer that protects the outer electrode from hydro- 
gen embrittlement. In situations where the sleeve itself fails 
due to hydrogen embrittlement, it may be replaced at a much 
lower cost than the entire outer electrode. 


[0153] In some embodiments, the outer electrode may 
have a porous or mesh-like structure that allows high energy 
charged particles to pass through the electrode while still 
confining rotating neutrals within the annular space. 
Charged particles that pass through the outer electrode may 
be guided by magnetic fields of an exterior magnet. In some 
cases, escaping alpha particles are redirected towards hard- 
ware (discussed elsewhere herein) capable of converting the 
kinetic energy of alpha particles into electrical energy. In 
some cases, the pore size in and our electrode may be less 
than about 100 microns, in some cases, and in some cases, 
less than about 1 micron. In general, the construction of the 
inner electrode may be similar to that of the outer electrode. 
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As with the outer electrode, the inner electrode may be made 
of a single material, or it may have a layered or segmented 
structure being made of two or more materials. In some 
embodiments, the inner electrode may be a solid body, and 
in other embodiments, the inner electrode has an interior 
space. In some cases, the inner electrode may include one or 
more pathways for internal cooling. In various embodi- 
ments, the inner electrode is connected to a power supply 
that provides a current that passes from the inner electrode 
out to a grounded outer electrode. Materials for the outer 
electrode are generally also suitable for the inner electrode, 
although, in certain embodiments, an inner electrode does 
not include target materials or electron emitting materials. 


First Embodiment—Magnets 


[0154] FIGS. 10a-d depict a first embodiment in which an 
axial magnetic field is applied by an electromagnet such as 
a superconducting magnet. FIG. 10a shows an isometric 
view of a superconducting magnet that surrounds the outer 
electrode of the reactor. As depicted, the magnet includes an 
enclosure 1056. FIG. 105 provides the same perspective as 
FIG. 10a, with the enclosure 1056 of the superconducting 
magnet removed revealing the superconductive coil wind- 
ings 1054. FIG. 10c provides a perspective of the reactor as 
viewed along the z-axis and FIG. 10d is an isometric section 
view corresponding to the section lines, A-A, shown in FIG. 
10c. As shown, the reactor has outer electrode 1010, inner 
electrode 1020, and a gap 10 that defines the annular space 
1040 between the two electrodes. An electrical current (as 
depicted by arrows in FIG. 10a) passes through supercon- 
ductive coil windings 1054 that wrap around the reactor, 
creating an applied magnetic field that is substantially in the 
z-direction through the annular space. In some embodiment, 
a superconducting magnet is used to generate an applied 
magnetic field that passes through the annular space that is 
between about 1-20 Tesla. In some cases, the applied mag- 
netic field is between 1-5 Tesla. Coil windings are placed in 
an insulated enclosure 1056 positioned around the reactor 
that is kept at low-temperature (e.g., less than -180° C.) and 
low-pressure. The enclosure 1056 may be cooled by, for 
example, adiabatic expansion of gas (e.g., He), or a cryo- 
genic liquid such that the temperature of the superconduc- 
tive coil is kept below its critical temperature. In some cases, 
the enclosure may be cooled mechanically, avoiding any 
need for liquid cryogens. The coil windings may be made 
from superconducting materials such as niobium-titanium, 
or niobium-tin, Bismuth strontium calcium copper oxide 
(BSCC), or Yttrium barium copper oxide (YBCO). Coil 
windings may take the form of a wire or a tape that may be 
wrapped in an insulating material. In some cases, the coil 
windings include any of the aforementioned superconduct- 
ing materials placed in a copper matrix to provide mechani- 
cal stability. In some embodiments, commercially sold 
superconducting magnets may be from vendors such as 
Cryomagnetics, Inc., or manufacturers of Magnetic Reso- 
nance Imaging devices. In some cases, a superconducting 
magnet such as or similar to the AMS-02 superconducting 
magnet used for the Alpha Magnetic Spectrometer Experi- 
ment may be used. When a superconducting magnet is used 
to provide the axial magnetic field, the radius of the con- 
fining wall is typically smaller than the radius of the super- 
conducting magnet, for example, in some cases, the radius 
may be limited to about 20 meters. 


US 2020/0105423 Al 


[0155] When an electromagnet or superconducting mag- 
net is placed around the outer electrode, there may be 
spacing between the outer electrode 1010 and the enclosure 
of the magnet 1056. This spacing may be used reduce heat 
transfer to the magnet. In some cases, a heat exchanger may 
be placed between the outer electrode 1010 and a magnetic 
enclosure. When the outer electrode has a porous or mesh- 
like structure, there may be a spacing between the outer 
electrode and the enclosure of a magnet that allows for 
charged particles that pass through the outer electrode. 
Charged particles, e.g., alpha particles, passing through the 
outer electrode may be constrained in the r-direction by ion 
cyclotron motion so that they do not collide with the 
enclosure 1056. In some cases, the spacing between the 
outer electrodes is between about 3 cm to about 6 cm, and 
in some cases, between about 6 cm and about 10 cm. 
Charged particles may then travel in the z-direction towards 
energy conversion means for generating electrical energy as 
described elsewhere herein. FIGS. 11a-b depict a reactor in 
which permanent disk-shaped magnets 1150 are placed on 
either end of the annular space 1140 to generate an applied 
magnetic field that is substantially axially directed, 1.e., it 
points in the z-direction. FIG. Ila provides a perspective 
viewed along the z-direction, while FIG. 115 provides an 
isometric section view that corresponds to the indicated 
section lines in FIG. 11a. As depicted in FIG. 115, the 
reactor has an inner electrode 1120, an outer electrode 1110 
forming the confinement wall 1112, and an annular space 
between the inner and outer electrodes. Magnets 1150 are 
placed on either side of the annular space and have the same 
magnetic orientation. For example, both magnets may have 
a north pole facing in the positive z-direction, or both 
magnets may have a north pole facing in the negative 
z-direction. While not depicted, in some embodiments the 
magnets 1150 may be ring-shaped such that the magnet is in 
proximity to the annular space 1140 and provides a substan- 
tially uniform magnetic region along the inner surface of the 
outer electrode 1112. The ring-shaped magnets have the 
same pole orientation as the disk-shaped magnets depicted 
in FIG. 11. 


[0156] FIGS. 12a-b depict another embodiment in which 
a plurality permanent magnets 1250 having the same polar- 
ity in the z-direction (e.g., the same orientation as the 
disk-shaped magnets depicted in FIG. 11), are placed on 
either side of the annular space 1240 to generate an applied 
magnetic field in the z-direction along the inner surface of 
the outer electrode 1212. FIG. 12a provides a perspective in 
the z-direction, while FIG. 125 provides an isometric section 
view that corresponds to the indicated section lines, A-A, in 
FIG. 12a. Some features are labeled in an enlarged view 
1201, which depicts how the annular space is bound by the 
inner electrode 1220, the outer electrode 1210, and perma- 
nent magnets 1250. Using a plurality of smaller magnets 
may be useful to reduce costs and physical constraints 
associated with larger monolithic magnets for large-scale 
reactors. The arrangement of magnets 1250 shown in FIGS. 
12a and 125 may be viewed as effectively creating two 
facing ring magnets. While not shown, in some embodi- 
ments a combination of different magnet shapes is used to 
generate the axial magnetic field. For example, a ring 
magnet may be used on one side of the annular space while 
a plurality of bar magnets may be used on the other. 


[0157] FIGS. 13a-c depict an embodiment in which a 
reactor 1300 with a single inner electrode 1320 has multiple 
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annular spaces 1340 separated by permanent magnets 1350 
that are arrayed along the z-direction. As depicted, the 
reactor has inner electrode 1320, a plurality of outer elec- 
trodes 1310 that form the confinement wall 1312, which is 
a combination of wall segments, and an annular space 1340 
between each outer electrode and the inner electrode. FIG. 
13a provides a perspective viewed along the z-direction, 
while FIGS. 135 and 13c provide a section view and an 
isometric section view, respectively, that correspond to the 
indicated section lines in FIG. 13a. When permanent mag- 
nets are placed on either end of the annular space, the length 
of the annular space in the z-direction may be limited by the 
strength of the magnetic field that can be generated by 
permanent magnets. In some cases, the annular space may 
be limited to, for example, about 5 or 10 cm. By arraying 
magnets 1350 in the z-direction between a plurality of 
annular spaces 1340, the total surface area on the confine- 
ment wall 1312 of the outer electrode 1310 may be 
increased. As with previous embodiments, each magnet 
1350 has the same orientation along the z-axis. This design 
efficiently uses the permanent magnets between the annular 
spaces, as each magnetic pole contributes to shaping the 
magnetic field that is applied to a bordering annular space. 
While the depicted embodiment is shown using ring-shaped 
magnets, many other shapes may be used; for example, each 
magnet bordering an annular space may be made of many 
smaller magnets that collectively form a ring-like structure 
(see FIGS. 12a-b). In some embodiments, the outer elec- 
trode 1310 may be segmented into physically distinct parts 
that are electrically isolated. In some embodiments, the outer 
electrode may be monolithic or otherwise electrically con- 
nected, for example, such that each outer electrode segment 
corresponding to each annular space 1340 is grounded. 


[0158] FIGS. 14a-c depict an embodiment in which a 
single reactor structure 1400 has multiple annular spaces 
1440 separated by permanent magnets 1450 that are arrayed 
along the z-direction. As depicted, the reactor has a plurality 
of inner electrodes 1420 and a plurality of outer electrodes 
1410 forming the confinement wall 1412 for the annular 
space 1440 between each set of electrodes. FIG. 14a pro- 
vides a perspective in the z-direction, while FIGS. 145 and 
14c provide a section view and an isometric section view 
that correspond to the indicated section lines in FIG. 14a. 
Rather than employing ring-shaped magnets and a single 
inner electrode, as depicted in the embodiments of FIGS. 
13a-c, the embodiments of FIGS. 14a-c employ disc-shaped 
magnets and multiple inner electrode segments. The descrip- 
tion of corresponding features from FIGS. 13a-c pertains to 
the embodiment of FIG. 14a-c. In some embodiments, a 
reactor as shown may operate using only a subset of the 
available annular spaces depending on energy demands. For 
example, in some embodiments fusion reactants are only 
introduced into one annular space and a voltage potential is 
only applied to the inner electrode adjacent to that annular 
space. In this manner, the energy output of a reactor may be 
controlled to meet energy demands, even in real time if 
necessary. Therefore, in some embodiments, individual 
inner electrodes 1420 and/or outer electrodes 1410 are 
independently controllable. 


[0159] FIGS. 15a-15c illustrate the magnetic field gener- 
ated by a series of ring that magnets 1550 are that substan- 
tially coaxial and have the same orientation. FIG. 15a is an 
isometric view of three magnets, FIG. 155 depicts a view 
along the magnet's shared axis, and FIG. 15c 1s a section 
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view corresponding to the line A-A in FIG. 155. While 
previous embodiments have made use of magnets that are 
offset from the annular space in the z-direction, magnets 
may also be offset from the annular space radially in 
r-direction. As illustrated by the dashed lines in FIG. 15c, 
each ring magnet, when considered individually, generates a 
magnetic field 1545 originating at its north pole and ending 
at its south pole. When multiple ring magnets are placed next 
to each other, the net effect can be a combined magnetic field 
that is a superposition of the individual magnet fields and 
substantially pointed along the shared axis as indicated by 
the solid magnetic field lines 1546. This magnet configura- 
tion may be used to extend the feasible length of an annular 
space of a reactor while using permanent magnets. 


[0160] FIGS. 16a-16c illustrate an embodiment using 
radially offset ring magnets 1650 to generate an axial 
magnetic field through the annular space. As depicted, the 
reactor has a single inner electrode 1620 and a single outer 
electrode 1610 that forms the confinement wall 1612 for the 
annular space 1640 between the electrodes. FIG. 16a pro- 
vides a perspective of the reactor as viewed along the 
z-direction, while FIGS. 16b and 16c provide a section view 
and an isometric section view that correspond to the indi- 
cated section line in FIG. 16a. Each of the magnets 1650 has 
the same polarity along the z-direction. For example, as 
depicted, each of the magnets 1650 has its south pole facing 
in the positive z-direction. This embodiment allows for an 
extended annular space in the z-direction, creating a larger 
surface area on the confining wall 1610 and allowing for a 
greater power output potential. Overlapping features from 
corresponding embodiments of FIGS. 13 and 14 may apply 
to the embodiments of FIGS. 16a-c. 


[0161] FIGS. 17a-17c illustrate an embodiment using 
radially offset magnets (1750, 1752) to generate an axial 
magnetic field through a single annular space. As depicted, 
the reactor has a single inner electrode 1720 and a single 
outer electrode 1710 that forms the confinement wall 1712 
for the single annular space 1740 between the electrodes. 
FIG. 17a provides a perspective of the reactor as viewed in 
the z-direction, while FIGS. 176 and 17c provide a section 
view and an isometric section view that correspond to the 
indicated section line in FIG. 17a. The embodiment of FIGS. 
17a-c goes beyond the embodiment described with relation 
to FIGS. 16a-c in that additional magnets 1752 are placed in 
the interior region of the inner electrode 1620. As depicted, 
the additional magnets 1752 have the same orientation along 
the z-direction as the exterior magnets 1750. In some 
embodiments, as depicted in FIGS. 17b and 17c, the inner 
ring magnets 1752 are aligned with the outer ring magnets 
1750 in the z-direction. In some embodiments, the inner ring 
magnets may be offset from the outer ring magnets, or the 
spacing between magnets may differ from the spacing of the 
outer magnets. In some embodiments, the interior magnets 
may take a different shape than the exterior magnets, e.g. the 
interior magnets may be bar magnets. 


[0162] In some embodiments, permanent magnets are 
made from rare earth elements or alloys of rare earth 
elements. Examples of suitable magnets include samartum- 
cobalt magnets and neodymium magnets. Other strong mag- 
nets known now or later developed may be suitable for use. 
In some embodiments permanent magnets may be used to 
generate a field that that is between about 0.1 and 1.5 about 
Tesla in the annular space; in some embodiments, permanent 
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magnets may generate a magnetic field between about 0.1 
and about 0.5 Tesla in the annular space. 

[0163] Not all reactors require permanent magnets. Some 
employ electromagnets or superconducting magnets as 
explained with reference to FIGS. 10a-d. Some reactors 
employ a combination of two or more of a permanent 
magnet and an electromagnet. FIGS. 18a-d depict a first 
embodiment in which an axial magnetic field is applied by 
an electromagnet. As depicted, the reactor has an inner 
electrode 1820 and an outer electrode 1810 that forms the 
confinement wall 1812 for the annular space 1840 between 
the electrodes. FIG. 18a shows an isometric view of an 
electromagnet that is placed over the reactor. FIG. 185 
provides a perspective of the reactor as along the z-axis and 
FIGS. 18c and 18d depict a section view and an isometric 
section view corresponding to the section lines shown in 
FIG. 18b. An electrical current is passed through coil 
windings 1854 that wrap around reactor in the z-direction to 
create an applied magnetic field that is substantially in the 
z-direction through the reactor as depicted by the magnetic 
field lines in FIG. 18c. The electrical current through the 
electroconductive coil may be provided by an AC or a DC 
power supply. In cases where the electroconductive coil is 
driven by an AC power supply, the inner electrode and/or 
outer electrode may also be driven by an AC power supply 
at the same frequency. This is done such that the rotation of 
charged particles is maintained in the same direction, rather 
than in alternating directions as would occur if the alternat- 
ing polarity of the magnetic field was not synchronized with 
the electric field. The coil may be made from a conductive 
material such as copper, aluminum, gold, or silver. In some 
embodiments, the coil takes the form of a wire that is 
wrapped around the outer electrode, in some embodiments 
the coil is placed in a separate enclosure that may be placed 
around the outer electrode. 


Reverse Electrical Polarity Embodiment 


[0164] A reverse electrical polarity rotor was previously 
described in FIGS. 5a to 5c. Generally, unless stated other- 
wise, the structure of electrodes corresponding to the first 
embodiment are also descriptive of a reverse electrical 
polarity rotor. For example, materials for inner and outer 
electrodes, the gap between electrodes (542 in FIG. 5a), and 
the configurations of magnets used to produce a magnetic 
field in the z-direction may be the same as described for the 
concentric electrode reactors. However, as explained below, 
some embodiments employ different structural configura- 
tions and/or different materials (e.g., different materials on 
the inner electrode). 

[0165] FIG. 5d depicts a cross selection of a reverse 
electrical polarity rotor. An electric field may be applied in 
the negative r-direction by applying a negative voltage to the 
inner electrode and grounding the outer electrode, by 
grounding the inner electrode and applying a positive poten- 
tial to the outer electrode, or by applying a more negative 
potential to the inner electrode than is applied to the outer 
electrode. When an electric field is generated by applying an 
electric potential to the inner and/or outer electrode, posi- 
tively charged particles in the annular space 540 are drawn 
towards the inner electrode 520. As the charged particles 
move inward, a Lorentz force azimuthally accelerates the 
particles which may result in a spiraled trajectory as illus- 
trated by path 503. Through ion-neutral coupling, neutrals in 
the annular space are co-rotated along with the positively 
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charged particles. Due to the potential difference between 
the inner and outer electrodes, a surplus of electrons on the 
inner electrode forms an electron-rich region 532 proximate 
to the electrode surface that rotates in the same direction as 
the positively charged particles due to the Lorenz force. As 
discussed elsewhere, this electron-rich region may reduce 
the Coulombic barrier between fusing nuclei. In some cases, 
this electron-rich region may extend out about 100 um to 
about 3 mm from the surface of the inner electrode. 


[0166] In some cases, when positively charged particles 
move inward, recombination of charged species occurs 
when a positively charged particle contacts the inner elec- 
trode or when a positively charged particle encounters a free 
electron in the electron-rich region. In some cases, a posi- 
tively charged particle may orbit the inner electrode at a 
Larmor radius 502. In some embodiments, the concentration 
of positively charged particles may vary in the radial direc- 
tion. For example, there may be a higher concentration of 
positively charged particles circling the annular space at a 
Larmor radius, than near the outer electrode. This gradient 
of charged particles may result in a velocity distribution 
within the annular space with particles tending to move 
more slowly near the outer wall where there is a higher 
concentration of neutrals due to a centrifugal force and 
fewer positively charged particles to drive the neutrals into 
motion. 


[0167] In some configurations, an inner electrode is con- 
structed from a single material such as tantalum, tungsten, 
copper, carbon, or lanthanum hexaboride. In some cases, an 
inner electrode has a conductive core 520a that is coated 
with an electron emitting and/or target material 5205. For 
example, the inner electrode may have a core made from a 
conductive and heat resistant material, e.g., tungsten, which 
is coated with lanthanum hexaboride, boron nitride, or 
another boron-containing material. In some cases, the inner 
electrode has a diameter that is between about 1 cm and 
about 3 cm, and in some cases, between about 4 cm and 
about 6 cm. In some cases, the inner electrode has a tiny 
cross-section, for example, it may be a filament or wire. In 
such embodiments, the inner electrode may have a diameter 
less than about 0.5 mm, less than about 0.1 mm, or less than 
about 0.05 mm. In some cases, the inner electrode may 
extend between about 3 cm and about 10 cm in length in the 
z-direction. In some cases, the inner electrode may be small 
in the z-direction, e.g., less than about 3 cm, or less than 
about 1 cm. In some embodiments, the inner electrode may 
be much longer in the z-direction, e.g., longer than about 20 
cm. In some cases, the confinement region in the z-direction 
for a reverse electrical polarity reactor (the length that the 
inner and outer electrodes overlap) may be limited by the 
power source that applies a charge to the inner and/or outer 
electrode. In some cases, the length in z-direction may 
depend on the gas pressure within the confinement region. In 
some cases, the power needed to generate a plasma within 
the annular space may be reduced if the gas pressure is 
reduced to a very low pressure allowing for an increased 
length in the z-direction. 

[0168] FIG. 19a depicts several methods by which the 
inner electrode may be actively cooled. In some cases, inner 
electrode 1910 has an internal pathway 1928 through which 
a passing fluid removes heat. For example, water may be 
pumped through the internal pathways to remove heat from 
the inner electrode. In some cases, an inner electrode may be 
joined to a ceramic block 1923 that is thermally conductive 
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and electrically insulating. A ceramic block may be made of 
materials such as aluminum oxide. Heat is dissipated 
through the ceramic block, removing heat from the end of 
the inner electrode to which it is connected. In some cases, 
a ceramic block contains an opening or hole to support the 
inner electrode. In some cases, an inner electrode is fixed to 
the ceramic using a set screw. In some cases, the heat 
conducted through the ceramic block is used to generate 
electrical power, e.g., via thermoelectric generators or heat 
exchangers that are coupled to the ceramic block. 

[0169] In some cases, the inner electrode may be replaced 
if the target material is consumed or if the electrode is 
damaged. For example, a boron coated filament that is used 
as an inner electrode may be replaced when the boron 
coating is consumed or when the filament breaks. 

[0170] In certain embodiments, the length of the inner 
electrode extends beyond the annular space (as defined by 
the z-direction edges of the outer electrode). In some cases, 
the position of the inner electrode is adjusted in the z-di- 
rection, e.g., via a linear actuator. For example, if the inner 
electrode is a wire, the wire may be drawn through the 
annular space during operation of the reactor to prevent the 
inner electrode from melting, or to replace a section of the 
wire where a target material (e.g., a boron coating) has been 
consumed. 


[0171] In some cases, the width of the inner electrode may 
vary in the z-direction. FIG. 195 depicts a configuration in 
which the inner electrode 1920 extends beyond the outer 
electrode 1910 and is held in place by a sleeve 1921 that may 
act as an extension of the inner electrode. Sleeve 1921 may 
be made from conductive materials such as copper, stainless 
steel, and tantalum. In some cases, a potential may be 
applied to the inner electrode through the sleeve; this may 
reduce resistive heating to inner electrodes that have a small 
diameter. In some cases, the diameter of the sleeve may be 
much greater than that of the inner electrode. For example, 
the diameter of the sleeve may be greater than about 10 cm 
while the diameter of the inner electrode is less than about 
0.5 mm. In some configurations, the inner electrode may be 
fixed to the sleeve using set screws. In some embodiments, 
the sleeve may be threaded directly into the sleeve. These 
and other attachment mechanisms may allow the inner 
electrode 1920 to be replaceable, while the sleeve 1921 is 
permanent. In some cases, the sleeve may be coated with a 
target material such as boron. In some cases, a sleeve may 
be internally cooled as discussed in FIG. 19a. 

[0172] As with the reactors of the first embodiment, the 
gap between the inner and outer electrode may be limited by 
a power supply’s ability to generate a plasma in the con- 
finement region. In some cases, the outer electrode may be 
similar in construction to the outer electrode described for 
the first embodiment. In some cases, the outer electrode may 
have an exterior insulating layer. This may be useful, e.g., if 
an alternating signal is applied the electrodes of a reactor, or 
if the reverse electrical polarity reactor is part of a modular 
unit consisting of additional reactors that need to be elec- 
trically isolated from one another. In general, the supporting 
structure of both the inner and outer electrode may include 
electrically insulating materials insulate the electrodes from 
the housing of the reactor, and prevent alternative current 
paths between the electrodes. In some cases, the outer 
electrode is a metallic sheet (e.g., a copper sheet) that is 
confined to a cylindrical shape by being placed within a 
guartz tube. In some cases, an outer electrode is a solid 
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tubular structure that is placed within an insulating structure. 
In another embodiment, the electrode is made by coating the 
interior surface of a quartz tube with a metallic conductive 
coating. 


[0173] As discussed elsewhere, only a small number of 
ions or positively charged particles are needed to drive many 
neutral particles into rotation. Due to the confining wall 
associated with the outer electrode, the concentration of 
neutrals increases in the radial direction. Rotating neutrals, 
however, are unaffected by the radial electric field or the 
axial magnetic field. Due to randomized collisions with the 
outer wall and other particles, neutrals may be deflected into 
the electron-rich region, and in some cases, neutrals may 
impact a target material on the inner electrode resulting in 
fusion events. Likewise, in some cases, positively charged 
particles may also be deflected into the inner electrode 
producing a fusion reaction, e.g., a proton-boron'' fusion 
reaction. 


[0174] In some cases, a reverse electrical polarity reactor 
is operated at a constant voltage. For example, a voltage 
supply may apply a potential to the inner electrode and/or 
outer electrode so that a constant or substantially constant 
potential difference between the electrodes is maintained 
during operation of the reactor. In another mode of opera- 
tion, a reverse electrical polarity reactor is operated at a 
constant current. Operating at constant current may be 
beneficial when the inner electrode is small and susceptible 
to failure due to resistive heating. In some cases, a reactor is 
initially operated using constant voltage and then transi- 
tioned to a constant current mode of operation. 


[0175] In some configurations, an energy storage device 
such as a capacitor or a battery is used to apply a potential 
to the inner electrode and/or outer electrode to initiate a 
fusion reaction. In some cases, circuitry regulates the current 
and/or voltage supplied by the energy storage device. In 
some cases, an energy device (e.g., a capacitor) is connected 
to the inner electrode and/or outer electrode and discharged 
until the energy storage device is no longer capable gener- 
ating an electric field strong enough to support a fusion 
reaction. In some cases, a reactor is configured with an 
additional energy storage device that is charged by electrical 
energy generated from the fusion reaction while the first 
energy storage device is discharged. A controller may then 
operate a switch that that alternates the energy storage 
devices between charging and discharging modes, so that a 
fusion reaction may be maintained. 


[0176] In some cases, a power supply is disconnected 
from either the inner and/or outer electrode, and a fusion 
reaction may continue to occur for a period (e.g., about 10 
seconds) before the potential difference between the elec- 
trodes is no longer sufficient to sustain the fusion reaction. 
When the electric field becomes too small to sustain fusion, 
the voltage or current source may again be reconnected to 
apply a negative potential to the inner electrode. 


[0177] Before the operation of a reverse polarity reactor, 
the gas in the annular space may be at be at a pressure of 
about 1 atm or higher. In some cases, such as when the inner 
electrode is long in the z-direction, an inner electrode may 
have a low pressure to reduce the power needed to initiate 
a fusion reaction. In some cases, the pressure within the 
annular space may be reduced to less than about 1 Torr or 
less than about 10 mTorr before operating the reactor. In 
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some cases, the pressure within the annular space may be 
adjusted through inlet and outlet valves to control the rate of 
a fusion reaction. 

[0178] For a reverse electrical polarity reactor, the mag- 
netic field in the confinement region is sometimes greater 
than about 0.5 Tesla, and sometimes greater than about 1 
Tesla, and sometimes greater than about 3 Tesla. In some 
embodiments of a reverse electrical polarity reactor, the 
magnetic field is not substantially perpendicular to the 
electric field between the inner and outer electrodes. In some 
embodiments, the magnetic field is not uniform through the 
confinement region. The magnetic field in the confinement 
region may be tuned by adjusting the placement and orien- 
tation of magnets and/or electrodes. In some cases, a non- 
uniform magnetic field may increase the rate at which ions 
and neutrals collide with the inner electrode. In general, the 
applied magnetic field and/or the potential applied to elec- 
trodes may vary depending on the geometry of a reactor, the 
reactant gas composition, and the reactant gas pressure. 
[0179] During operation, the concentration of particles, 
particularly higher mass particles, is greater near the outer 
wall due to the centrifugal force. This may be helpful in 
extracting fusion products, which have a higher mass than 
the rotating reactants, from the annular space. For example, 
when alpha particles are produced by a fusion reaction 
involving a rotating hydrogen species, alpha particles may 
be concentrated near the outer wall where they may then be 
removed through an outlet valve. In some cases, fusion 
products may be pumped into another reactor in which the 
fusion products are used as reactants. For example, alpha 
particles or helium atoms produced in a reverse electrical 
polarity reactor may be moved to another reactor configured 
to support a helium-helium fusion reaction. 


Reverse Fields Reactor Embodiments 


[0180] Another reactor embodiment has a reverse fields 
configuration was described previously with relation to 
FIGS. 6a-d. This configuration employs a Lorentzian rotor 
to impart and maintain rotational movement of particles in 
an annular space. Generally, many of the reactors described 
herein may be reconfigured to apply reverse fields, albeit 
with the orientation of the magnetic field and electric field 
transposed. 

[0181] A magnetic field in the radial direction may be 
applied using permanent magnets (616, and 626) made from 
a magnetic material such as those described in relation to the 
first embodiment. In some cases, permanent magnets may be 
replaced with a plurality of azimuthally offset electromag- 
nets having radially orientated axes, such that a magnetic 
field, oriented substantially in the r-direction, is applied 
throughout the annular space. In some cases, the surface of 
the confining wall may include one or more layers that 
protect a magnetic material. For example, a layer of alumi- 
num or tantalum may provide protection to either an exterior 
or interior magnet. In some cases, a protective layer may 
include a target material containing a fusion reactant or an 
electron emitter. In some cases, a confining wall may have 
an internal cooling system to keep material below its melting 
temperature and prevent magnets from demagnetizing. 
[0182] In concentric electrode embodiments, the gap 
between the inner electrode and the outer electrode is 
sometimes constrained by the available power to ionize gas 
in the annular space. Similarly, in a reverse fields configu- 
ration the confinement region in the z-direction that sepa- 
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rates electrodes 6604 and 6605 may be constrained. For 
example, in some cases, the spacing between electrodes is in 
the range of about 1 mm to about 50 cm, and in some cases, 
the spacing is between electrodes is in the range of about 5 
cm to about 20 cm. 

[0183] In concentric electrode embodiments, the length of 
the annular space in the z-direction may sometimes be 
limited by the strength of permanent magnets. Similarly, in 
a reverse fields configuration, the gap in the r-direction may 
sometimes be limited by the need to create a strong magnetic 
field near the surface of the confinement wall. In some cases, 
the radial gap may be limited to, for example, about 10 cm 
or less, or about 5 cm or less. In some cases, as when magnet 
616 provides sufficiently strong magnetic field near the 
confinement surface by itself, the gap may be larger; for 
example, in some cases, the gap may be larger than about 10 
cm. In some cases, the interior magnet may not be necessary. 


Wave-Particle Reactor Embodiments 


[0184] An alternative reactor configuration, sometimes 
referred to as the wave-particle embodiment, was briefly 
described previously and is depicted in FIGS. 7a and 75. In 
a wave-particle embodiment, charged particles are driven 
into rotation by oscillating electrostatic fields. The neutral 
species are pushed along by the charged particles. Electric 
fields are created by applying charge to azimuthally sepa- 
rated electrodes located on the confinement wall, an interior 
wall, or another structure in communication with the con- 
finement region. Since this embodiment does not require a 
magnetic field, the structural limitations imposed by using 
magnets do not apply. For example, the radius of the reactor 
may be larger than what is feasible for ring or disk-shaped 
magnets. Further, because the embodiment does not require 
current flow between an inner and an outer electrode, 
structural limitations imposed by concentric electrodes do 
not apply. In some embodiments of a wave-particle design, 
the radius of a confinement wall may be greater than about 
2 meters, in some cases greater than about 10 meters, and in 
some cases greater than about 50 meters. In contrast to some 
implementations of a Lorentzian rotor, the length of a reactor 
in the z-direction is not limited by the strength of permanent 
magnets as may sometimes be the case in concentric elec- 
trode embodiments. In some embodiments, a confinement 
region (e.g., an annular region) may have a length in the 
z-direction that is greater than about 1 meter, in some cases, 
greater than about 10 meters, and in some cases greater than 
about 100 meters. In one embodiment there is a curvature in 
the z-direction of a reactor so that that the confinement wall 
forms a torus or torus-like shape. In general, the size 
limitations of a reactor may be governed energy demands of 
the reactor and costs associated with production. In a wave- 
particle embodiment, a degree of control over the rotating 
species may be set by defining the number and size of the 
azimuthally offset electrodes impacting the confinement 
region. A relatively greater number of electrodes along the 
confinement wall allows the electric field lines to be more 
finely modulated, which can improve the efficiency at which 
the electric field is used to move charged particles. In some 
cases this is because the dynamically changing electric field 
drives particles points primarily in the azimuthal direction 
rather than the radial direction. Generally, a reactor will have 
at least three azimuthally separated electrodes. Some reac- 
tors may have at least five azimuthally spaced electrodes, 
some reactors may have more than about 50 azimuthally 
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spaced electrodes. In some designs, the number of electrodes 
scales with a size of a reactor. For example, a reactor having 
a radius of about 1 meter may have between about 20 and 
about 40 azimuthally spaced electrodes along the confine- 
ment wall while a reactor having a radius of about 2 meters 
may have about 40 to about 80 azimuthally spaced elec- 
trodes. In some cases, the ratio of a reactor’s circumference, 
in meters, to the number of azimuthally spaced inner or outer 
electrodes is between about 3 and about 150, and in some 
cases the ratio is between about 20 and 100. 

[0185] In some cases, the electrodes are separated by an 
electrically insulating material such as aluminum nitride or 
boron nitride. The insulating material may be sufficiently 
thick so that the material does not experience electrical 
breakdown. The minimum thickness may be determined by 
the dielectric strength of the insulating material and the 
voltage applied to electrodes. In some cases, an electrically 
insulating material contains a target material (fusion reactant 
such as boron-11) and/or an electron emitter. 

[0186] In some cases, the width of an electrode in the 
azimuthal direction is less than about 10 cm, in some cases 
less than about 5 cm, and in some cases less than about 2 cm. 
The electrodes may have any of various shapes. For 
example, they may be circular or polygonal. In some cases, 
they are rectangular. In some embodiments, a reactor utilizes 
azimuthally separated electrodes only along the confinement 
wall. Alternatively, in some embodiments, a reactor utilizes 
electrodes only along an inner wall, or only electrodes that 
bound the confinement region in the z-direction (e.g., elec- 
trode placement may correspond to electrodes 660a and 
6605 of the reverse fields embodiment depicted in FIG. 6c). 
In cases where electrodes do not themselves define the 
confinement wall, the surface of the confinement wall may 
be made of another material such as a target material or an 
electron emitter. For example, the electrodes may be sepa- 
rated from the confinement region by a sleeve that contains 
coupons made from lanthanum hexaboride. 

[0187] In some cases, the confinement-wall wall is con- 
figured with a thermal management component such as a 
heat exchanger (e.g., a cooling jacket). A heat exchanger can 
be used to prevent electrodes from overheating and/or 
supply to provide heated fluid to a heat engine for generating 
electrical or heat energy. In some cases, heat may be 
dissipated from a reactor by passing a fluid such as water 
through passageways in the confinement wall. For example, 
insulating material separating azimuthally separated elec- 
trodes may have internal passages through which fluid is 
passed. 

[0188] In concentric electrode embodiments, the gap 
between an inner electrode and outer electrode is sometimes 
constrained due to the limited power available to ionize gas 
in the confinement region. In a wave-particle configuration, 
the gap between adjacently located electrically isolated 
electrodes may also be constrained. For example, in some 
cases, the spacing between electrodes is, on average, in the 
range of about 1 mm to about 50 cm, and in some case, the 
spacing is between electrodes is, on average, in the range of 
about 5 cm to about 20 cm. 

[0189] In some cases, a wave-particle reactor has more 
than one mode of operation. For example, a first phase may 
be employed to initiate or strike a plasma and a later phase 
may be used drive 1ons (and indirectly neutrals) in a rota- 
tional direction. For example, an RF electric field may be 
applied radially between the inner electrodes and the outer 
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electrodes to generate a weakly ionized plasma prepare a 
reactor for operation. Once the plasma has been generated 
between the inner and outer electrodes, the reactor may 
transition to a mode where drive signals are sequentially 
applied to the azimuthally distributed electrodes to drive 
charged particles and neutrals into rotation. 

[0190] Oscillating signals applied to azimuthally distrib- 
uted electrodes to drive rotation of ions and neutrals may be 
provided over a wide range of frequencies chosen based on 
the reactor configuration and the desired rotational velocity. 
For example, the drive signals may be applied at a frequency 
in the range of about 60 kHz to 1 THz, and in some cases in 
the range of about 60 kHz and 1 GHz. In some cases, the 
frequency of a drive signal may begin low and then increase, 
gradually or abruptly. For example, the drive signal may 
start at a relatively low frequency, e.g. 60 kHz and eventu- 
ally ramp up to a much higher frequency, e.g., 100 Mhz. 
[0191] In some cases, a drive signal applies charge using 
a controlled voltage. To avoid arcing between electrodes 
electrodes, charge is ideally applied a high voltage and low 
current, rather than high current at low voltage. In some 
cases, a drive signal applies between about 1 kV and about 
100 kV to azimuthally separated electrodes. In some cases, 
a drive signal may apply more than 100 kV to electrodes. 
[0192] Using electrostatic forces, a wave-particle embodi- 
ment may induce rotational velocities that exceed that 
typically found in Lorentzian driven reactor having a similar 
reactor configuration (e.g., a similar confinement radius). In 
some cases, an electrostatically driven reactor may drive 
rotation of a gaseous species at a rate of at least about 1000 
RPS, or in some cases at least about 100,000 RPS. In a 
wave-particle embodiment, a control system may be used to 
direct how charges are applied to the electrodes. In some 
cases, a control system uses a detected velocity, determined 
using a high-speed camera or another sensor, as feedback to 
adjust a charge sequence that is applied to the electrodes. In 
general, azimuthally separated electrodes may have similar 
structural considerations and may be made from similar 
materials to those described in relation to the above embodi- 
ments that employ magnetic fields. 


Hybrid Reactor Embodiments 


[0193] Another general reactor configuration, which may 
be referred to as a hybrid reactor configuration, was briefly 
described with relation to FIGS. 6a to 6f. This configuration 
employs both a Lorentzian rotor and a wave-particle driver 
to impart and maintain rotational movement of particles in 
an annular space. When operating a Lorentzian rotor in a 
hybrid reactor, some aspects of the above-description of the 
reverse fields embodiment may apply. Similarly, when oper- 
ating using azimuthally spaced electrodes of the hybrid 
reactor, some aspects of the above-description of the wave- 
particle embodiment may apply. 

[0194] As in the reverse fields embodiments, a magnetic 
field in the radial direction may be applied using permanent 
magnets (616, and 626) which may be made from magnetic 
materials such as those described in relation to the first 
embodiment. In some cases, permanent magnets may be 
replaced with a plurality of azimuthally offset electromag- 
nets having radially orientated axes, such that a magnetic 
field, oriented substantially in the r-direction, is applied 
throughout the confinement region. In some cases, the 
surface of the confining wall may include one or more layers 
that protect a magnetic material. For example, a layer of 
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aluminum or tantalum may provide protection to either an 
exterior or interior magnet. In some cases, a protective layer 
may include a target material containing a fusion reactant or 
an electron emitter. In some cases, a confining wall may 
have an internal cooling system to keep material below its 
melting temperature and prevent magnets from demagnetiz- 


ing. 


[0195] In concentric electrode embodiments, the gap 
between the inner electrode and the outer electrode is 
sometimes constrained by the available power to ionize gas 
in the annular space. Similarly, in a hybrid reactor configu- 
ration the confinement region or annular space in the z-di- 
rection that separates electrodes 660a and 660b may be 
constrained. For example, in some cases, the spacing 
between electrodes is in the range of about 1 mm to about 
50 cm, and in some cases, the spacing is between electrodes 
is in the range of about 5 cm to about 20 cm. 


[0196] In concentric electrode embodiments, the length of 
the annular space in the z-direction may sometimes be 
limited by the strength of permanent magnets. Similarly, in 
a hybrid configuration, the gap in the r-direction may 
sometimes be limited by the need to create a strong magnetic 
field near the surface of the confinement wall. In some cases, 
the radial gap may be limited to, for example, about 10 cm 
or less, or about 5 cm or less. In some cases, as when magnet 
616 provides sufficiently strong magnetic field near the 
confinement surface by itself, the gap may be larger; for 
example, in some cases, the gap may be larger than about 10 
cm. In some cases, the interior magnet may not be necessary. 


[0197] In a hybrid embodiment, a control system may be 
used to direct how control signals are applied to the azi- 
muthally separated electrodes. In some cases, a control 
system may receive feedback from sensors to adjust a charge 
sequence that is applied to the electrodes. In general, elec- 
trodes (660a and 6605) may have similar structural consid- 
erations and may be made from materials described as being 
suitable for electrodes in the first embodiment. 


[0198] In some configurations, a hybrid reactor is config- 
ured to transition between operating modes while conduct- 
ing a fusion reaction or just prior to conducting a fusion 
reaction. For example, the reactor may operate initially 
using a Lorentzian rotor before transitioning to a wave- 
particle driver to maintain particle rotation. Under certain 
conditions, a Lorentzian driven rotor may be more efficient 
at initiating rotation of particles in the annular space. Once 
particles within the annular space have reached a critical 
state of rotation within the reactor in which the benefit of 
using a Lorentzian rotor is no longer seen, the reactor may 
switch to a wave-particle drive mode of operation. In some 
cases, by transitioning to a wave-particle driving mode of 
operation, greater particle velocities and thus greater energy 
production may be achieved. In some cases, by transitioning 
to a wave-particle driving mode of operation, energy pro- 
duction may be modulated with greater precision by adjust- 
ing the sequence of drive signals that are applied to the 
azimuthally distributed electrodes (660a and 6605). In some 
embodiments that use electromagnets to generate an electric 
field, a current supply used to control the magnetic field may 
be terminated when the reactor enters a wave-particle mode 
of operation. This may be useful to prevent a Lorentzian 
force from acting on charged particles in the z-direction. 
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Electron Emitters 


[0199] As described elsewhere herein, a confining wall is 
sometimes made at least in part of an electron emitting 
material, referred to herein as an electron emitter. These 
materials may emit electrons via thermionic emission above 
a certain temperature. For example, some boron based 
electron emitters have an emission temperature that is in the 
range of about 1500 K to about 2500 K. In some cases, an 
electron emitter may be in the form of a powder that is 
compacted, sintered, or otherwise converted to a form 
suitable for placement within the annular space. In some 
cases, an electron emitting material may be sintered or 
deposited using physical vapor deposition onto the confining 
wall of a reactor. In other cases, an electron emitter may be 
forged into a continuous structure that forms part of the 
confining wall or is attached to the confining wall. 

[0200] Some electron emitters are materials having a low 
work function and are resistant to degradation when exposed 
to the thermal and other environmental conditions within a 
reactor. Examples of electron emitters include oxides and 
borides such as barium oxide, strontium oxide, calcium 
oxide, aluminum, oxide, thorium oxide, lanthanum hexa- 
boride, cerium hexaboride, calcium hexaboride, strontium 
hexaboride, barium hexaboride, yttrium hexaboride, gado- 
linium hexaboride, samarium hexaboride, and thorium hexa- 
boride. In some cases, emitters may be carbides and borides 
of transition metals, e.g., zirconium carbide, hafnium car- 
bide, tantalum carbide, and hafnium diboride. In some cases, 
emitters may serve as a reactant of a fusion reaction such as 
SLi, PN, "He, and D. In some cases, an electron emitter may 
be a compound that includes a fusion reactant. For example, 
lanthanum hexaboride may act as both an electron emitter 
and a target material for proton-''B fusion. In some cases, a 
fusion reaction product may serve as an electron emitter. In 
some cases, an electron emitter may be a composite of two 
or more materials, where at least one material has a low 
work function and emits electrons during operation. 
[0201] In some cases, an electron emitter is attached as a 
solid element in the confinement wall of a reactor. In some 
embodiments, electron emitters, which may be provided in 
the form of coupons, have a thin or flat structure and are 
attached to the confining wall without protruding signifi- 
cantly into the annular space. FIG. 20a depicts several 
illustrative cross-sections of electron emitters. In some 
embodiments, these electron emitters may be attached to the 
surface of the confining wall using a mechanical fastener 
such as a clip, or a screw. In some cases, an electron emitter 
is configured to slide into a slot within the confinement wall 
and is held in place, at least in part, by friction. For example, 
a slot may have grooves or a clamping mechanism for 
holding an electron emitter in place. In some cases, emitters 
are attached to the confining wall using heat, an adhesive, or 
another binding process. In some cases, the emitter struc- 
tures have a thickness that is less than about 1.2 cm, in some 
cases less than about 6 mm, and in some cases less than 
about 3 mm. The dimensions of an electron emitter in the 
azimuthal direction or the z-direction may be limited by the 
physical dimensions of a reactor. FIG. 205 depicts several 
configurations in which electron emitters 2036 may be 
distributed symmetrically along the surface of the confining 
wall 2010, however in some configurations electron emitters 
may be positioned in only a few select regions. 

[0202] In certain embodiments when emitters are disposed 
on the surface of the confining wall, they are heated by 
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frictional and/or plasma heat that is intrinsic to the operation 
of the reactor. In some cases, an electron emitter is also 
heated by another method to increase the rate of electron 
emission. For example, electron emitters can be heated by 
another method during the initial operation of a reactor to 
increase electron emission when the reactor is still relatively 
cool. In some cases, by controlling the energy applied 
electron emitters (e.g., by Joule heating) the rate of electron 
emission the rate of a fusion reaction can be controlled. 
[0203] In some embodiments, an electron emitter on the 
confining wall is energized using electrical power provided 
by a power supply. For example, current can pass through a 
filament within an electron emitting material to provide 
Joule heating and increase electron emission. In some cases, 
a filament is a refractory metal such as tungsten. If the 
confining wall is electrically grounded, the electron emitter 
may be separated from the confining wall by an electrically 
insulating material. In some cases, a direct current (DC) is 
applied to a filament. In some cases, electron emission is 
further improved or controlled by applying an alternating 
current (AC), e.g., via an RF or microwave signal, to a 
filament in contact with an electron emitter. 

[0204] FIGS. 21a-b depict an example in which Joule 
heating is used to control electron emission in a reactor 
having concentric electrodes. FIG. 21a provides a view in 
the z-direction of the reactor having an inner electrode 2120, 
an outer electrode 2110 separated from the inner electrode 
by the confinement region (e.g., an annular space) 2140, and 
electron-emitting modules 2136 placed along the confining 
wall 2112 that are powered by a power supply 2135. FIG. 
215 provides an enlarged view of an electron-emitting 
module located on the confining wall. An electron-emitting 
module includes an electron emitter material 2130, such as 
lanthanum hexaboride, that is heated by a filament 2134. In 
some cases, the module may include insulating layers, 2137 
and 2138, which provide electrical and/or thermal isolation 
from the outer electrode and/or confining wall. In some 
cases, one layer (2137 or 2138) is used for electrical 
insulation, and the other is used for thermal insulation. These 
insulating layers may be made of ceramic materials such as 
zirconium oxide, aluminum oxide, zinc nitride, and magne- 
sium oxide. In some embodiments, the position of the 
electron-emitting modules can be adjusted during operation 
of the reactor. For example, modules may be moved radially 
inward into the confinement region, e.g., using an actuator, 
to increase electron emission caused by frictional heating of 
the rotating species or may be moved radially outward and 
out of the confinement region to limit the electrons being 
released. 

[0205] In some embodiments, electron emitters may have 
a sharp point or a cone-shaped structure at one end for 
improved field electron emission. For example, when an 
electron emitter is supplied with an electric potential, a 
strong electric field occurring near the point as a result of the 
narrowing geometry may cause field electron emission 
focused at the location of the point. 

[0206] In some embodiments, one or more lasers are used 
to increase or otherwise control electron emission from an 
emitter. As depicted in FIG. 22, a reactor 2200 may be 
configured with a laser 2231 to direct light within the 
confinement region 2240 onto an electron emitter 2230. As 
depicted, light from a laser may be optically directed 
through or along an inner electrode 2220 via an insulated 
optical fiber 2239. While lasers may be directed at emitters 
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that are used for thermionic emission, they may also be 
directed at other materials such as titanium on the confine- 
ment wall that exhibit the photoelectric effect. For example, 
metals and conductors exhibit the photoelectric effect when 
impinging photons create a charge imbalance that is not 
neutralized by current flow and can serve to increase elec- 
tron emission. While FIG. 22 depicts a first embodiment, in 
a reverse electrical polarity embodiment, a laser may be 
directed towards the inner, negatively charged electrode, to 
increase electron emission. 


Gas Delivery System 


[0207] A reactor may have one or more gas valves that for 
introducing fusion reactants and removing fusion product. In 
some cases, standardized gas valves may be used. For 
example, gas valves used for low-pressure deposition and 
etching chambers may be suitable for the reactor. In some 
cases, a gas reactant is released into the confinement region 
at a location interior location; for example, a reactant species 
may be routed through an inner electrode. In some cases, a 
gas valve may be located at one end of the confinement 
region or annular space in the z-direction, and in other cases 
a gas reactant species is introduced into the confinement 
region through a valve located within the confining wall. 
Outlet valves for fusion products may be placed at similar 
locations to the inlet valves. When fusion products are 
removed during operation of a reactor, outlet valves may be 
located on the confinement wall or at a location adjacent to 
the confinement wall, but offset from the confinement region 
in the z-direction. In some cases, an inlet and outlet valves 
may need to be electrically insulated from an electrode so as 
not to cause an electrical short to ground. 

[0208] Inlet and outlet valves may also be accompanied 
with vacuum or pump systems to aid in the transport of gas 
species into and out of a reactor. In some cases, valves may 
include flow meter that controls the amount of gas species 
added into or removed from a reactor. In some cases, a 
flowmeter may be connected to a control system of the 
reactor to carefully limit the amount of hydrogen, or reactant 
species that is put into the chamber. In some cases, a gas inlet 
introduces neutrals near the confinement region and a gas 
outlet removes neutrals that have migrated beyond where 
fusion is occurring in the z-direction of a reactor. In some 
cases, a pumping system that controls the distribution of 
neutrals along the z-direction of a reactor is used to remove 
neutrals that might otherwise reduce the efficiency of con- 
verting the kinetic energy of fusion products (e.g., alpha 
particles) into electrical energy. 

[0209] While the embodiments discussed describe gas 
species, in other embodiments fusion reactants are intro- 
duced into the confinement region in liquid form. In some 
cases, rather than filling the confinement region with a 
fusion reactant in the form of a gas, the confinement region 
may be filled or partially filled with a liquid fuel. For 
example, liquids containing available or easily releasable 
hydrogen such as liquid hydrogen, ammonia, alkanes such 
as butane or methane, and liquid hydrides may be used in 
place of gaseous hydrogen. In some cases, a liquid fuel is 
provided in a manner that quickly vaporizes after entering a 
chamber. In some cases, adding a liquid fuel to a reactor is 
used to control the pressure within the reactor. For example, 
by using temperature differentials and the known volume of 
the confinement region, the pressure within the confinement 
region may be back-calculated using the ideal gas law. In 
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some cases, the gas reactant pressure within a reactor may 
be carefully monitored so that a high neutral density is 
maintained and yet the structural integrity of the reactor is 
not compromised. 


[0210] When a reactor is a Lorentzian rotor, liquid fuel 
may be added in sufficient quantity or under thermal con- 
ditions that the liquid does not immediately evaporate upon 
entering the confinement region. In such cases, a current 
may be passed through the liquid fuel by applying a potential 
between electrodes. In some cases, a liquid seeded with 
charged particles such as potassium. In the presence of a 
magnetic field, the Lorentzian force drives the charged and 
neutral components of the liquid fuel into rotation. As the 
kinetic energy of the rotating column increases, the liquid 
near the boundary layer along the confining wall may 
vaporize, releasing hydrogen gas or another reactant gas that 
may fuse with a target material on the confining wall. For 
example, proton-''B fusion may occur when hydrogen gas 
is released from the liquid fuel, and the confining wall 
contains lanthanum hexaboride. In some cases, the gaseous 
layer which develops between the rotating liquid and the 
confining wall may create a slip layer that allows the liquid 
in the confinement region to rotate even faster by decreasing 
the drag imposed by the liquid-wall interface. In some cases, 
a liquid may absorb heat and may reduce concerns of 
melting the electrodes. Since liquids may have high densi- 
ties of the fusion reactant compared to gasses, the liquid may 
be used for extended periods without needing replacement. 
While not limited to embodiments which use liquid fuel, in 
some cases a reactor may have a safety valve to release gas 
from a reactor if the pressure exceeds a threshold value. In 
some cases, such as in transportation applications, a fusion 
reactant may be stored in liquid form and delivered to a 
reactor as a liquid or vaporized prior to delivery. By storing 
fusion reactants in a liquid form, a fuel supply may be small 
and compact. 


[0211] In some cases, a liquid fuel may be supplied to a 
reactor by pressurized tank. In some cases, a fusion reactant 
(e.g. hydrogen) may be may be contained in small capsules 
that are provided to a reactor. For example, hydrogen may be 
stored in glass capsules that are provided to a reactor through 
a port in the confinement wall. In some cases, hydrogen may 
be provided in a pressurized form (e.g., at a pressure of at 
several atmospheres) and in some cases, hydrogen may be 
provided in liquid form. In cases where the reactor is already 
in operation, the temperature within the reactor may melt the 
capsule container material, allowing the fuel to be released, 
immediately or over a delayed period (e.g., minutes). In 
some cases, such as when a reactor is cool from not being 
in Operation, a laser (e.g., as depicted in FIG. 22) may be 
directed at a fuel capsule to break down the capsule material 
and release the reactant or fuel. In cases such as automotive 
applications, storing small amounts of a fusion reactant such 
as hydrogen in capsules may add convenience by reducing 
or eliminating hardware (e.g., pressurized tanks) that might 
otherwise be required to store reactants safely. 


[0212] In some cases, a fusion reactant such as hydrogen 
may be introduced into the reactor as a solid compound. For 
example, polymer fuel pellets made of polyethylene or 
polypropylene may be provided to a reactor through a port 
in the confinement wall as hydrogen fuel is consumed in a 
reactor. Once inside a reactor, high temperatures caused by 
Operation of the reactor or the energy of a laser (e.g., the 
laser as depicted in FIG. 22), may be sufficient to decompose 
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the polymer and release hydrogen gas. In some embodi- 
ments, ammonia borane (also known as borazane) may be 
used as a hydrogen fuel. When a reactor reaches a tempera- 
ture greater than about 100° C., the ammonia borane releases 
molecular hydrogen and gaseous boron-nitrogen com- 
pounds. In some cases, ammonia borane or the boron- 
nitrogen compounds may act as electron emitters, and in 
some cases, boron atoms from the ammonia borane may 
undergo a fusion reaction with hydrogen atoms during 
operation of a reactor. In many applications (e.g., automo- 
tive applications), solid fuels may add convenience by 
reducing or eliminating hardware that might otherwise be 
required to store gas fuels or liquid fuels safely. 


Cooling System 


[0213] In some cases, to enable sustained operation of the 
reactor, the reactor must be cooled to prevent electrodes, 
magnets, and/or other components from overheating. In 
some embodiments, a reactor may be cooled by full emer- 
sion in a liquid bath. In some embodiments, a reactor 
includes a heat sink that draws heat away from the reactor 
via conduction and transfers it to a fluid medium such as air 
or liquid coolant. As an example, a heat exchanger may be 
used. A fan or a pump may be used to control the flow 
conditions and aid in carrying away heat that is transferred 
to the fluid medium. Depending on the monitored tempera- 
tures within the reactor, the fluid velocity may be adjusted, 
such that fluid flow is modulated between laminar and 
turbulent flow. In some embodiments, fluid is passed 
through a cooling jacket on the outside of a reactor and in 
some cases cooling tubes may be used to cool components 
within the reactor. As described elsewhere herein, a heat sink 
may be a used to transfer heat to working fluid that is used 
by a heat engine for producing electrical energy. Examples 
of liquids that may be used as working fluids for cooling a 
reactor include water, liquid lead, liquid sodium, liquid 
bismuth, molten salts, molten metals, and various organic 
compounds including some alcohols, hydrocarbons, and 
halocarbons. 


Power supply 


[0214] Reactors may include one or power supplies that 
are used to supply electrical current to electrodes, electro- 
magnets, and other electrical components that needed to 
operate a reactor. The power supply may control current 
and/or voltage between two terminals (e.g., concentric elec- 
trodes). In some embodiments, a power supply is capable of 
supplying a maximum voltage of about 200 volts to about 
1000 volts. For example, in some embodiments, a power 
supply can provide up to 600 volts to an electrode. In some 
embodiments, a small scale reactor may be able to provide 
about 0.1 A to about 100 A of current and/or deliver at least 
about 1 kW of power. In some medium scale embodiments, 
a reactor may be able to provide about 1 A to about 1 kA of 
current and/or deliver at least about 5 kW of power. In some 
large scale in embodiments, a reactor may be able to provide 
about 1 A to about 10 kA of current and/or deliver at least 
hundreds of kilowatts of power. 

[0215] Depending on the operating mode of the reactor, a 
power supply may be used to provide direct current or an 
alternating current. In some embodiments, an alternating 
current is applied to electrodes to strike a plasma. In some 
cases, the voltage required to strike a plasma in the con- 
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finement region may be reduced by more than about 10% 
compared to when a direct current is used to strike a plasma. 
In cases where an AC signal is used to strike a plasma, a 
power source may deliver an alernating current or voltage 
signal at frequencies greater than about 1 kHz, or in some 
cases, greater than about 1 Mhz. 

[0216] In some configurations, such as when an electro- 
magnet is used to provide an axial magnetic field, and 
alternating current may be applied to both the electromagnet 
and the electrodes. In some cases, alternating signals may be 
applied to the electrodes and an electromagnet that have the 
same frequency but are out of phase. In some cases, a power 
supply may apply a current or voltage signal to an electrode 
or an electromagnet that is greater than about 500 Hz, or 
greater than about 1 kHz. In some cases, an electromagnet 
is operated as the same frequency that an alternating current 
is applied to electrodes so that the rotation of particles may 
be maintained. In some cases, a commercially available 
power supply may be used to apply a current or voltage 
signal to the electrodes of a reactor or an electromagnet. 
Examples of vendors of suitable power supplies include 
Advanced Energy Industries and TDK-Lambda American 
Inc. 


Sensors 


[0217] When operating a reactor, a variety of parameters 
may be monitored to control the rate of energy output, 
improve efficiency, prevent failure of components, and the 
like. For example, the temperature of a reactor may be 
monitored to ensure that the components of the reactor do 
not exceed defined maximum temperature values. If a per- 
manent magnet gets too hot, it may demagnetize, and if an 
electrode or any other component gets too hot, it may yield 
or melt. In some cases, the operation of a reactor requires a 
relatively high temperature. For example, some electron 
emitters must acquire a sufficient thermal energy before 
electrons are released into the confinement region. Tempera- 
tures within a reactor may be monitored using sensors such 
as thermocouples, inferred imagery, and thermistors. In 
some cases, temperatures at locations within a reactor may 
be inferred by measuring temperatures at other locations 
within the reactor. For example, the temperature at the 
interior surface of an outer electrode may be inferred by 
monitoring the temperature at the exterior surface of the 
outer electrode. In some cases, by measuring temperatures 
indirectly from an exterior location, low-cost temperature 
sensors, such as silicon bandgap temperature sensors may be 
used. 

[0218] In some embodiments, the gas pressures within the 
reactor may be monitored. By monitoring the pressure in 
front of an electron emitter, information may be gained 
about the density of electrons as they are pressed tightly 
against the confining wall. Pressure measurements from 
within the chamber may be used by a controller to regulate 
the flow rates of gas species entering and exiting the 
confinement region. In some embodiments, rotational 
speeds within the confinement region or annular space may 
be monitored using a camera that captures hundreds or 
thousands of images per second. In some cases, measuring 
the rotation of species within a reactor may be aided by 
introducing species that will fluoresce or have a detectable 
optical signature such as argon or quantum dots. In some 
embodiments, the gas composition with the confinement 
region may be monitored for fusion products such as *He 
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and *He or for low quantities Deuterium within a reactant 
gas. In some embodiments, the detection of fusion products 
and reactants may be performed using an in situ mass 
spectrometer (e.g., a gRGA from Hiden Analytical that is 
capable of detecting low quantities of Deuterium in a gas 
sample), optical spectroscopy, or an NMR sensor. In some 
embodiments, a reactor may be equipped with Geiger coun- 
ters to detect levels of radiation. 

[0219] FIGS. 23a-c depict an example of how nuclear 
magnetic resonance sensing may be used to determine the 
composition of gas reactants in a concentric electrode 
embodiment. FIG. 23a depicts a reactor having inner elec- 
trode 2320, outer electrode 2310, and a substantially uni- 
form and time-invariant magnetic field the z-direction 2391 
that passes through the confinement region. The axially 
applied magnetic field may be used to align the nuclear spins 
of the rotating species and may be applied by a supercon- 
ducting magnet as described elsewhere herein. In some 
cases, an axial magnetic field is greater than about 0.1 Tesla, 
in some cases, an axial magnetic field is greater than about 
0.5 Tesla, and in some cases, an axial magnetic field is 
greater than about 2 Tesla through the confinement region. 
[0220] When detection is desired, the nuclear spins of 
rotating species within the confinement region are perturbed 
by applying an RF pulse in the azimuthal direction. FIG. 23b 
depicts how an azimuthally, time-varying magnetic field 
2392 is generated by applying an alternating current in the 
z-direction of the inner electrode. In some embodiments, the 
alternating current passing through the center electrode has 
a frequency of between about 60 Hz to about 1 MHz, and in 
some cases about 1 MHz to about 1 GHz. After perturbing 
the alignment of species with the time-varying magnetic 
field, the rate at which the nuclear spins of species are 
realigned is then monitored using a detection coil as 
depicted in FIG. 23c. A detection coil 2390 is substantially 
perpendicular to the major axis (the z-axis) of the reactor and 
monitors current passing through the coil as a result of the 
electromagnetic radiation that was absorbed and re-emitted 
by the rotating species. In some cases, detection coils similar 
to that used in a medical NMR system may be used. 


Control System 


[0221] Monitored parameters may be provided as inputs to 
a control system that operates the reactor in a regime that 
maintains system component integrity and supports fusion. 
The control system may control any and all parameters of 
the fusion reaction, and in some cases other operations such 
as heat energy gathering or utilization processes and con- 
version to electrical or other useful forms of energy. In 
certain embodiments, the control system maintains a balance 
between heat generation and heat extraction. Thus, for 
example, to maintain this predetermined and preselected 
balance, the control system may control application of 
electrical energy to electrodes in the reactor (e.g., by modu- 
lating electrical pulses, e.g., lengthening or shortening the 
time period between each pulse and/or changing the voltage 
applied to create the plasma), changing the magnetic field, 
for example, with an adjustable magnet in conjunction with 
a superconducting magnet, and changing the density of the 
reactants. 

[0222] As discussed elsewhere herein, some parameters 
may need to fall within a defined process window such that 
both of these conditions are met. In some cases, a control 
system receives information that identifies an energy 
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demand and adjusts process conditions accordingly. A con- 
trol system may also have a criterion, which when met, 
initiates an automated shutdown process to prevent damage 
to the reactor or nearby operators. For example, if the 
temperature of the confining wall exceeds a certain thresh- 
old, or radiation thresholds are reached, a reactor may 
quench the fusion reaction. A control system may quench a 
reactor by, for example, grounding all electrodes, closing gas 
input valves, and/or introducing an inert gas species such as 
nitrogen. 

[0223] In some cases, a control system may provide 
closed-loop feedback as shown, for example, in FIG. 24. 
Based upon measured input parameters from sensors 2460 
and a desired energy output signal 2461, a control system 
2462 may send control signals 2463 to adjust the various 
parameter settings of the reactor 2464 as necessary to 
control the energy output 2465 or meet other specifications. 
Input parameters that are used by a controller may include 
parameters such as temperature, pressure, flow rates, gas 
composition fractions (e.g., partial pressures), particle 
velocities, current discharge between electrodes, and volt- 
age. In some cases, the control system utilizes historical data 
of one or more parameters. For example, while it may be 
important to know a particular temperature value, it may 
also be important to understand the rate and/or magnitude at 
which temperature is fluctuating. Examples of reactor set- 
tings that may be adjusted by the controller include applied 
currents, applied voltages, applied magnetic field strength 
(in the case of an electromagnet), and gas flow rates (e.g., 
hydrogen flow rates). Typically, the controller passes a 
control signal to a reactor component responsible for the 
associated setting. For example, a control signal may be 
passed to a power supply to instruct the power supply to 
apply a specified voltage. In some cases, a setting may also 
be an input parameter to the control system. For example, in 
determining what voltage should be applied, a controller 
may account for the current and/or voltage presently applied 
to the electrodes. In some cases, a controller may use 
machine learning to improve its decisions so that a reactor 
may become more efficient over time, resistant to physical 
changes in the device (e.g., when a part fails and is 
replaced), or anticipate energy demand. 

[0224] Certain operational features of a reactor may be 
independently controlled. For example, the flow rate of a 
cooling fluid may be controlled using a system that is 
independent of the control system responsible for adjusting 
the primary operating inputs of a reactor, such as current and 
gas flow rates. In another example, electron emitting mod- 
ules, e.g. as depicted in FIG. 21a, may have an associated 
controller that receives a measured temperature of the elec- 
tron emitter and determines what current should be applied 
to a filament to provide Joule heating. 

[0225] The control system described above may be imple- 
mented in the form of control logic using computer software 
in a modular or integrated manner. There are many possible 
ways to control operation. Based on the disclosure and 
teachings provided herein, a person of ordinary skill in the 
art will appreciate how to implement the control functions 
using hardware and/or a combination of hardware and 
software. 

[0226] In some cases, a control system may be imple- 
mented as software code to be executed by a processor using 
any suitable computer language such as, for example, Java, 
LabVIEW, MATLAB, C++, or Python using, for example, 
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conventional or object-oriented techniques. The software 
code may be stored as a series of instructions, or commands 
on a computer-readable medium, such as a random access 
memory (RAM), a read-only memory (ROM), a magnetic 
medium such as a hard-drive or a floppy disk, or an optical 
medium such as a CD-ROM. In some cases, a control system 
may be tested and designed using a FPGA (Field Program- 
mable Gate Array), and then later manufactured through an 
ASIC process. In some cases, a controller may be a single 
chip that can securely store and execute the control logic. 
Any such computer readable medium may reside on or 
within a single computational apparatus and may be present 
on or within different computational apparatuses within a 
system or network. For example, the control system may be 
implemented using one or more processors, PLCs, comput- 
ers, processor-memory combinations, and variations and 
combinations of these. The control system may be a distrib- 
uted control network, a control network, or other types of 
control systems known to those of skill in the art for 
controlling large plants and facilities, and individual appa- 
ratus, as well as combinations and variations of these. 


Radiation Shield 


[0227] In some embodiments, such as when a reactor 
supports an aneutronic or substantially aneutronic reaction, 
the reactor may require little if any shielding to reduce 
radiation exposure. When there is a concern of neutronic 
radiation, the reactor may be outfitted with appropriate 
shielding. Neutrons readily pass through most material but 
interact enough to cause biological damage. In some cases, 
a reactor may be placed in an enclosure that absorbs neu- 
trons. In some cases, the confinement wall of a reactor may 
include an external layer for absorbing neutrons. In some 
cases, shielding layers may be made of concrete having a 
high water content, polyethylene, paraffin, wax, water, or 
other hydrocarbon materials. In some cases, a shielding 
layer may include a lead or boron as a neutron absorber. For 
example, boron carbide may be used as a shielding layer 
where concrete would be cost prohibitive. In some embodi- 
ments, the ends of a reactor in the z-direction may include 
a material such as boron nitride that not only absorbs 
neutrons but is thermally and electrically insulating. In some 
cases, an electron emitter, such as lanthanum hexaboride, 
serves the additional function of providing shielding from 
neurotic radiation. In some cases, such as large scale reac- 
tors, tanks of water, oil, or gravel, may be placed over a 
reactor to provide effective shielding. The thickness of a 
shielding layer depends in part of what materials are used, 
where the reactor is located, the type of fusion reaction, and 
the size of the reactor. In some embodiments a shielding 
layer is greater than about 10 centimeters, in some cases, a 
shielding layer is greater than about 100 centimeters, and in 
some cases, a shielding layer is greater than about 1 meter. 


Replaceable Components 


[0228] Due to the aggressive nature of the plasma and 
fusion products within a reactor, electrodes may become 
damaged, distorted, embrittled, etc. Under normal operating 
conditions, some components of a reactor may eventually 
fail and need to be replaced. Further, when operating con- 
ditions exceed certain thresholds (e.g., high temperatures, 
pressures, plasma potentials, or reactant concentrations), 
components may be damaged or wear out more quickly. In 
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cases where hydrogen is used as a reactant, electrodes may, 
over time, suffer from hydrogen embrittlement. If an 
embrittled electrode is not replaced, it is possible for the 
electrode to convert into a powder. In some cases, a reactor 
may be inadvertently operated outside its normal operating 
conditions resulting in increased wear or structural damage 
to one or more electrodes or other components. For example, 
if a cooling system malfunctions, the temperature of an 
electrode may near its melting temperature causing the 
electrode to deform. In some cases, thermal stresses may 
cause micro-fractures to appear on or within an electrode. If 
an electrode has an internal cooling system that breaches to 
allow water vapor to enter into the confinement region, the 
reactor may experience a spike in the pressure. 

[0229] Fusion reactors as described herein may be highly 
configurable and modular. In certain embodiments, one or 
more components may be replaced and/or interchanged. 
Some components are permanent and are designed to not 
wear out during a reactor”s lifetime, and some components 
are expected to be replaced after a certain number of 
Operation cycles or time in operation. For each replaceable 
component, there may be a designated procedure for the 
removal, handling, refurbishment, and/or replacement of the 
component. In addition, there may be one or more indicators 
and field-implementable diagnostics that indicated and/or 
anticipate the degradation of the component. 

[0230] Examples of replaceable components include one 
or more electrodes in the reactor, fusion reactants, containers 
fusion reactants (e.g. hydrogen gas canisters), and energy 
conversion devices associated with the reactor. 

[0231] Examples of indicators that a component should be 
replaced include a decrease in electrical conductivity of an 
electrode, the time the component has been in operation, and 
the optical properties of the component (e.g., changes to the 
surface of a component may be detected optically). 
Mechanical failure may be determined by visual inspection, 
or in some cases, by monitoring measured parameters such 
as temperature, pressure, and conductivity of the electrodes. 
In some cases, a control system contains logic for determin- 
ing a mechanical failure of an electrode or other component. 
[0232] In some cases, the conductivity and/or conductance 
of electrodes may decrease over time. Due to the volatile 
nature of plasma, there can be an electrically insulative 
dielectric coating that forms on the electrode. If the con- 
ductivity and/or conductance of an electrode is reduced, the 
reactor may become less efficient and/or require excess 
amounts of power. If nothing is done to mitigate the declin- 
ing conductance and/or conductivity of a reactor, the reactor 
may become an electrical and/or thermal hazard. While 
much of the discussion herein concerns determining an 
electrode’s conductivity and/or conductance, it should be 
understood that conductivity may vary from position-to- 
position in an electrode. For example, the conductivity ofthe 
reaction-facing surface of an electrode may be much lower, 
after a long period of operation, than the conductivity of an 
interior portion of the electrode. As another example, the 
conductivity of the original material in an electrode may 
remain largely unchanged during operation, but a dielectric 
film formed on the reaction-facing surface of the electrode 
may significantly degrade the overall conductance of the 
electrode. Resistivity and/or resistance can be determined in 
lieu of conductivity and/or conductance. 

[0233] Various techniques may be employed to monitor 
electrode conductivity and/or conductance or determine that 
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electrode conductivity or conductance has reached a level 
that requires attention or replacement. In one example, using 
the electrode’s geometry, the conductivity of the electrode 
may be determined by measuring the resistance between two 
points on the electrode surface when the reactor is not in 
operation. This measurement may be performed manually 
during a routine system check, e.g., by using a multimeter. 
In some cases, a reactor is configured with measurement 
circuitry that automatically measures the resistance of an 
electrode between operation cycles. In some cases, a reac- 
tor’s control system may be configured to automatically 
determine the conductance of an electrode from a measured 
resistance. Another way an electrode’s conductance may be 
determined is by performing a diagnostic cycle in which a 
gaseous reactant in the confinement region is replaced with 
another gas, and a plasma is generated within the confine- 
ment region. For example, hydrogen gas may be replaced 
with argon gas, neon gas, or nitrogen gas. A control system 
may then monitor the electrical behavior of the plasma 
measuring the voltage of the electrodes and the current 
passing through the electrodes. Based upon the electrical 
behavior of the argon plasma, the conductivity of an elec- 
trode may be determined. For example, the conductivity of 
each electrode may be determined by comparing the mea- 
sured electrical behavior of the argon plasma (or another 
plasma) to an expected electrical behavior. In some cases, 
the expected electrical behavior of a plasma, such as an 
argon plasma, may be determined via simulation, or by 
measuring the electrical behavior on a new reactor that does 
not have a dielectric coating. 


[0234] A reactor electrode may be assigned a predeter- 
mined threshold of low conductivity or conductance value 
that triggers service or replacement of an electrode. For 
example, if the conductivity of an electrode falls below 
about 80% of its expected value, the electrode may be 
replaced or treated to restore conductivity to an appropriate 
level. 


[0235] In some embodiments, when an electrodes conduc- 
tivity or conductance falls below and acceptable level, a 
cleaning cycle is performed. For example, a cleaning cycle 
may involve introducing a cleaning gas, e.g. argon, into the 
confinement region and operating the reactor to generate a 
plasma that removes some or all of the dielectric coating. In 
some cases, a weakly ionized plasma may be sufficient to 
remove the dielectric coating. In some cases, the argon gas 
may be fully ionized during a cleaning cycle. Depending on 
the chemical nature of the degradation, a chemically restor- 
ative treatment may be employed. For example, if the 
electrode degradation results from the formation of a 
hydride or other form of hydrogen-mediated reduction, the 
compromised electrode may be treated with an oxidizing 
agent, such as an oxygen-containing plasma. 


[0236] In some cases, if the conductivity or conductance 
of an electrode falls below a designated level (e.g., about 
50% of its expected value), the reactor may be determined 
to be unsafe to operate. This may be indicative that a thick 
dielectric film has formed and the reactor will require 
dangerous levels of power from a power source. In some 
cases, a control system or associated safety system may shut 
down operation until replacement or restoration of an 
affected electrode. In some cases, a reactor’s control system 
contains logic for determining a mechanical failure of an 
electrode or other component and then triggering an alert or 
automatic shutdown of the reactor. 
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[0237] In some embodiments, one or more of the elec- 
trodes or magnets in a reactor include a protective or 
sacrificial layer. In some cases, this sacrificial layer is a 
sleeve (e.g., a sleeve that forms the interior surface of the 
confining wall) that may be replaced at scheduled intervals. 
In some embodiments, a metal component such as an 
electrode or a sleeve may be removed to undergo a restor- 
ative process, e.g. an annealing process to remove internal 
stresses that may have arisen due to thermal cycling. In some 
cases, e.g., when component experiences hydrogen 
embrittlement, the component may be removed and the 
material of the component may be reprocessed to make a 
new part. In some cases, an embrittled component, e.g. a 
tantalum electrode, may be restored to a ductile condition by 
annealing under a vacuum. For example, in some cases, an 
embrittled component may be restored by annealing at 
around 1200“ C. under a vacuum. 

[0238] Target materials (fusion reactants) may eventually 
be consumed and need to be replaced. For example, some 
embodiments employ lanthanum hexaboride which contains 
boron-11 as a reactant required for a proton-boron-11 fusion 
reaction. Once depleted, this material needs to be replaced. 
Due to thermal cycling, lanthanum hexaboride may also 
become brittle and fail. Destruction or degradation of lan- 
thanum hexaboride will reduce the fusion reaction output. In 
some cases, a control system may notify an operator of a 
power drop-off that would correspond to a target material 
being depleted or moved out of the confinement region. In 
some cases, a control system may alert an operator when a 
consumable material like lanthanum hexaboride had reached 
a predetermined use limit and should be replaced. 


EXAMPLES 


[0239] The following non-limiting examples represent a 
few embodiments that may be practiced in accordance with 
the broader principles described herein. 


1.) Negative Electrode (Outer Electrode) 


[0240] The outer electrode, sometimes called the “shroud” 
includes a cylindrical metal ring with multiple points of 
attachment for the lanthanum hexaboride or other target 
material. The composition of the shroud is typically a 
refractory metal, such as tantalum (Ta) or tungsten (W), due 
to the high thermal resistance of refractory metals; however, 
certain embodiments of the reactor use lower temperature 
metals such as Alloy 316 Stainless Steel. These embodi- 
ments may include a liquid cooling circuit that prevents the 
shroud from reaching the critical melting temperature of the 
composition metal. As explained, the outer electrode may be 
either the more negative or the more positive electrode. 


Electrical Conductivity 


[0241] The plasma in the reactor is struck between the 
positive electrode and the negative electrode by utilizing 
electrical power from an external power supply. This event 
is mediated by the electrical voltage across the two elec- 
trodes and the electrical current traveling through the elec- 
trodes and the plasma. The voltage required to strike the 
plasma and initiate the fusion process may be directly 
related to the electrical conductivity of the two electrodes. 
As mentioned, there can be a dielectric (electrically insula- 
tive) coating that builds up on the negative electrode, thus 
affecting the electrical conductivity of the electrode. 
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[0242] A field-implementable diagnostic for determining 
conductivity of the outer electrode is a resistance measure- 
ment between two points using a digital multimeter. In some 
implementations, once the resistance is measured, its value 
is entered into QA software, which will indicate the con- 
ductivity and operational status of the outer electrode. 
[0243] A second diagnostic for determining conductivity 
would involve the striking of an glow discharge argon 
plasma in the reactor. This is done via control software, 
which will subsequently monitor the electrical behavior of 
the argon plasma (voltage and current). By an automatic 
comparison to an internal calibration, the control software 
can determine the conductivity of the electrode and send the 
data to QA software. 

[0244] If the QA software indicates that the electrical 
conductivity falls below 80% of the standard conductivity 
rating of the composition metal, then the AR unit is said to 
be outside of the optimal operation regime and into the 
non-optimal operation regime. If the conductivity falls 
below 50% of the standard rating, then the AR unit is said 
to be in the unsafe operation regime, as this will draw too 
much power from the power supply and provide a potential 
electrical and thermal hazard. If the conductivity is 0%, this 
indicates that a complete insulative layer has formed on the 
negative electrode and the system is non-operational. 
[0245] Operation: Continue Operating Unit Normally. 
[0246] Non-optimal operation: Run Argon Cleaning Cycle 
on AR unit using provided control software. Repeat until 
conductivity enters ‘optimal operation” zone. If conductivity 
does not improve, perform the ‘unsafe operation’ below. 
[0247] Unsafe operation: The outer electrode should be 
cleaned. 


Structural Integrity 


[0248] It is possible for the mechanical structure of the 
shroud to become damaged, distorted, or embrittled. This 
can occur due to a number of different reasons. 

[0249] A failure in the cooling system, or improper opera- 
tion of the cooling system, can lead to extreme temperatures 
inside the reactor that are beyond the safe operating param- 
eters. These extreme temperatures can lead to thermal shock, 
causing micro-fractures to appear on or within the shroud. 
Additionally, if these extreme temperatures approach the 
melting point of the shroud composition material, the shroud 
itself will begin to distort and melt. 

[0250] A field-implementable diagnostic for detecting 
defects in structural integrity is visual inspection prompted 
by an abnormal temperature alert from the control software. 
The control software may monitor the temperature of several 
different components of the unit, and check that each com- 
ponent remains within safe operating parameters. If the 
temperature of any such component travels outside the safe 
operating parameters, it may trip a temperature indicator 
alarm. In extreme cases (such as a prolonged duration of an 
overheated component), the system may shut itself down 
and require a mandatory visual inspection of the integrity of 
the shroud. If the shroud is damaged, it may be sent to a QA 
team for inspection and analysis. 


2.) Positive Electrode (Inner Electrode) 


[0251] The inner electrode may includes a cylindrical 
metal disk and hollow metal cylinder attached to a high- 
voltage ceramic feedthrough on the back of the chamber. 
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These two components are known as the “head” and the 
“rod.” The composition of the center electrode head is 
typically a refractory metal, such as tantalum (Ta) or tung- 
sten (W), due to the high thermal resistance of refractory 
metals; however, different embodiments of the reactor use 
lower temperature metals such as Alloy 316 Stainless Steel. 
Higher-temperature center heads will operate longer and 
thus will warrant replacement less frequently. The center 
electrode rod is typically made of Alloy 316 Stainless Steel, 
since it does not experience the same extreme temperatures 
as the head. 

[0252] In some embodiments, the center electrode rod is 
cooled with liquid water to prevent overheating. In embodi- 
ments utilizing a high-temperature head, the head is attached 
to the rod with a Molybdenum (Mo) set screw. In embodi- 
ments utilizing a low-temperature head, the head is also 
water cooled, and it is welded or soldered to the rod such that 
the cooling circuit is continuous. 


Electrical Conductivity 


[0253] Asin the case for the outer electrode, the electrical 
conductivity of the inner electrode mediates the electrical 
behavior of the plasma. A change in the conductivity will 
result in the change of the voltage required to strike and 
sustain the plasma for the fusion reaction. As mentioned 
above, the volatile nature of the plasma and fusion reactions 
taking place inside the reactor can lead to the build-up of a 
dielectric coating on the surface of the inner electrode, thus 
affecting its electrical conductivity. 

[0254] The standard field-implementable diagnostics for 
determining the electrical conductivity of the center elec- 
trode (with respect to the various operational regimes out- 
lined above) are identical to those for the inner electrode. 


Structural Integrity 


[0255] The inner electrode has the same operational risks 
as the outer electrode (or shroud) with regards to the 
structural integrity of the component. It can be damaged, 
distorted, or embrittled; however, since there is a liquid 
cooling channel inside the inner electrode, there are addi- 
tional methods for failure detection other than the thermal 
monitoring of specific components by the control system. 
[0256] If the temperature of the center electrode rod (or 
the temperature of the liquid-cooled center electrode head 
described above as an alternate embodiment) approaches the 
melting temperature of the composition material, the outer 
surface of the rod (or head) may be breached, allowing a 
combination of water vapor and liquid water into the 
vacuum chamber. This can occur due to a failure of or 
improper use of the cooling system, as well as the appear- 
ance ofa sustained plasma arc on the center electrode rod (or 
head) itself. Once this occurs, there will be an instantaneous 
rise in pressure due to the preponderance of water vapor 
entering the chamber through the breach. The control system 
will detect this pressure rise and immediately shut the 
system down with an error fault that warrants an immediate 
and required visual inspection. 


3.) Lanthanum Hexaboride Target 


[0257] Lanthanum Hexaboride, commonly referred to as 
LaB,, is a refractory ceramic material that is used in the 
scientific industry as an electron emitter due to its low work 
function. In a reactor, the LaB, is attached to the negative 
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electrode via uniformly distributed attachment points along 
the inner wall. The LaB, contains the solid boron fuel 
required for a fusion reaction, and will need to be replaced 
once the fuel is depleted. 


Boron Isotope Composition 


[0258] There are two main isotopes (atoms of same num- 
ber of protons and different number of neutrons) of boron 
found in nature, '°B, and "MB. The most abundant of these 
two isotopes is “B, as 80% of all Boron is found in this 
form. Since this is also the isotope required for the fusion 
reaction to take place, it may be necessary to know the 
relative concentration of this particular isotope present in the 
LaBg fuel. There are various methods for detective this 
concentration, including inductively coupled plasma optical 
emission spectrometry (ICP-OES), thermal ionization mass 
spectrometry (TIMS), secondary ion mass spectrometry 
(SIMS), inductively coupled plasma mass spectrometry 
(ICP-MS), among others. 

[0259] In some embodiments, there is not field-imple- 
mentable diagnostic that is able to measure the boron isotope 
composition of the LaB,, as these are techniques that require 
the sample to be sent to a third-party analytical diagnostics 
lab. 


Structural Integrity 


[0260] Due to the ceramic nature of this compound, it is 
extremely brittle, and is extremely susceptible to thermal 
stress. The volatile reactions occurring inside the reactor, as 
well as the rapid rates of heating and cooling present in 
various components such as the center electrode and the 
shroud, can cause the structural integrity of the LaB, to 
break down. It has been observed in several embodiments of 
the reactor that the LaB, fuel will tend to break apart over 
time, which warrants the need for replacement. 

[0261] One field-implementable diagnostic for determin- 
ing the structural integrity (and lack thereof) of the LaB, fuel 
is by visual inspection. There are certain indicators provided 
by the control software that warrant the need for a visual 
inspection of the LaB,. Because the fusion reactions occur 
at the LaB, sites, the entirety of the output power (as 
measured by the control software) is extracted from these 
sites. If the steady-state power output of the reactor drops by 
more than 2096, it could indicate a problem with one of the 
LaB, pieces and trip a power indicator alarm on the soft- 
ware. This type of alarm would warrant the need for a visual 
inspection of the LaBg pieces. 


Energy Conversion Hardware 


[0262] Reactors as described herein produce energy in one 
or more forms; typically they produce multiple forms of 
energy simultaneously. When operating, most reactors pro- 
duce thermal energy. They may also produce radiant energy 
over a broad or narrow range of frequencies. For example, 
excited species within the reactor (e.g. electronically 
excited hydrogen atoms) emit radiation in one or more 
frequency bands. Often the reactor operates in modes that 
require plasma and/or produce a plasma, and when the 
plasma exists it produces radiant energy. Still further, many 
reactions produce charged species (e.g., tons such as alpha 
particles) with high levels of kinetic energy. Reactors may 
also produce mechanical energy through pressure variations 
or oscillations. 
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[0263] Any one or more of these energy forms may be 
converted to different energy forms usable for particular 
applications. Therefore, in certain embodiments, an energy 
conversion device or component is coupled to an associated 
reactor. In some cases, the energy conversion device con- 
verts thermal energy from the reactor to electrical energy 
(e.g., a thermoelectric device). In some cases, the energy 
conversion device converts thermal energy from the reactor 
to mechanical energy (e.g., a heat engine). In some cases, the 
energy conversion device converts electromagnetic radia- 
tion from the reactor to electrical energy (e.g., a photovoltaic 
device). In some cases, the energy conversion device con- 
verts the kinetic energy of charged reaction products (e.g., 
alpha particles) or ionized fusion reactants (e.g., protons) to 
electrical energy. In some cases, the energy conversion 
device converts mechanical energy from the reactor to 
electrical energy (e.g., a piezoelectric device). 

[0264] Various energy conversion devices may be used to 
convert thermal energy produced by reactor into mechanical 
and/or electrical energy. For example, a thermoelectric gen- 
erator may be thermally coupled to a reactor to generate 
electrical energy. A thermoelectric generator may be ther- 
mally coupled to the reactor by, for example, being placed 
on the confinement wall of the reactor or having thermal 
energy from the reactor delivered via a heat transfer device 
such as a heat pipe. In another example, a reactor may 
convert thermal energy into mechanical energy (e.g. a 
moving piston or a rotating crankshaft) via a heat engine. In 
some embodiments, a reactor is outfitted with a Stirling 
engine. In some embodiments, the reactor may be outfitted 
with a heat engine, e.g., a heat engine that uses the Rankine 
cycle, where the working fluid experiences cyclic phase 
changes. If electrical energy is desired, a heat engine may be 
configured with an electric generator that converts, for 
example, a rotating crankshaft or an oscillating piston into 
electrical energy. 

[0265] Some energy conversion devices may convert elec- 
tromagnetic radiation or radiant energy produced by reactor 
into electrical energy. For example, a reactor may have 
photovoltaic cells on either end of the confinement region to 
convert radiant energy into electrical energy. In some cases, 
the reactor may include a transparent barrier to provide 
thermal protection and/or optical devices to concentrate the 
radiant energy onto a photovoltaic cell. In some cases, a 
photovoltaic cell may have a tuned bandgap corresponding 
to a narrowband wavelength of radiant energy (e.g., corre- 
sponding to hydrogen) emitted from the reactor. 

[0266] The reactor may also be configured with compo- 
nents that convert the kinetic energy of charged particles 
emitted from a reactor into electrical energy. For example, 
positively charged particles (e.g. alpha particles) may be 
forced to travel through an opposing electric field generated 
by one or more electrodes that slow their travel. As the 
particles decelerate, an electric current is generated in an 
electrical circuit connected to the positively charged elec- 
trode(s). In some cases, alpha particles emitted from the 
reactor may be directed towards such electrodes via applied 
magnetic fields. In some cases, the reactor may be config- 
ured with a magnetohydrodynamic generator (MHD gen- 
erator) that converts the kinetic energy of a plasma generated 
as a result of a nuclear reaction into electrical energy. 
[0267] In some cases, the reactor may use a single energy 
conversion device (or energy conversion modules) to con- 
vert energy produced by the reactor into mechanical and/or 
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electrical energy. In some embodiments, the reactor may use 
a plurality of energy conversion devices (or energy conver- 
sion modules) to convert energy produced by the reactor into 
mechanical and/or electrical energy. Since the reactor may 
produce various forms of energy, different types of energy 
conversion devices may be combined to increase the total 
mechanical and/or electrical energy that is generated. In 
some cases, the addition of a second energy conversion 
device may not reduce the energy output of a first energy 
conversion device because the energy conversion devices 
convert different forms of energy produced by the reactor. 
For example, in some embodiments, the reactor may gen- 
erate electrical energy from both a photovoltaic cell which 
converts radiant energy and a thermoelectric generator 
which converts thermal energy. In this example, the pres- 
ence of a photovoltaic cell may not diminish the electrical 
energy produced by the thermoelectric generator and vice 
versa. In some embodiments, a reactor may be outfitted with 
multiple energy conversion devices that convert the same 
type of energy produced by the reactor. For example, in 
some cases, a reactor may be outfitted with a Stirling engine 
as well as a thermoelectric generator both of which make use 
of thermal energy. In this example, a thermoelectric genera- 
tor may simply capture the thermal energy that was not 
converted to mechanical and/or electrical energy by the 
Stirling engine. In general, any combination of energy 
conversion devices or modules described in herein may be 
used to generate mechanical and/or electrical energy from a 
reactor. 

[0268] Enclosure 

[0269] While not depicted, a reactor may include an 
enclosure that walls off the confinement region from the 
ambient environment. In some cases, the dimensions of an 
enclosure are governed in part by the outer dimensions of a 
confining wall. In some embodiments, the confining wall 
defines the boundary of the enclosure in the r-direction, and 
the confinement region is isolated from the external envi- 
ronment using flanges on both ends of the confinement wall 
in the z-direction. In some embodiments, an entire system 
including control systems, power supplies, magnets, and 
energy conversion apparatuses is placed within an enclo- 
sure. Materials chosen for an enclosure may depend on the 
enclosure’s intended purpose. For example, enclosures may 
be needed to provide biological shielding, thermal isolation, 
and/or to enable low-pressure operating conditions. In some 
cases, an enclosure may have a layered structure in which 
each layer provides a different function. For example, an 
enclosure may include a hydrocarbon material for biological 
shielding and a ceramic layer to provide thermal insulation. 
In some cases, more than one enclosure may be used. For 
example, a first enclosure may include flanges that seal off 
the confinement region in the z-direction creating a vacuum 
chamber while a second, exterior enclosure encompasses the 
entire reactor. Based on the disclosure and teachings pro- 
vided herein, a person of ordinary skill ín the art will know 
and appreciate ways and/or methods to implement an enclo- 
sure to that meets the needs of a reactor’s application. 


Process Conditions 


[0270] Multistage Operations and/or Reactions 

[0271] In some cases, the energy output or efficiency of a 
reactor is improved when operated in multiple stages. In 
some cases, a reactor may have one or more preparatory 
stages that prime the conditions within a reactor for con- 
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ducting a fusion reaction. For example, preparatory stages in 
a multistage process may be used to increase the temperature 
of electron emitters, cool the temperature of a confining 
wall, generate a plasma within the confinement region, or 
modify the gas pressure within the confinement region. FIG. 
25 depicts an example of a multistage process flow that may 
be used to operate a reactor. In a first operation, 2501, 
electron emitters are heated until they reach a prescribed 
temperature for emitting electrons. After heating the electron 
emitters in 2501, an alternating current is applied between 
the electrodes of the reactor to strike a weakly ionized 
plasma. 


[0272] Immediately after initiating a plasma in the con- 
finement region, the reactor may transition to a stage used to 
rotate charged particles in the reactor and sustain a fusion 
reaction. In some Lorentzian rotors, this may mean applying 
a direct current to the electrodes when a uniform magnetic 
field is applied. Alternatively, in embodiments in which an 
alternating magnetic field is applied in the z-direction of a 
reactor, this may mean applying an alternating current to the 
electrodes at the same frequency that the magnetic field 
oscillates. In some cases, an alternating magnetic field may 
be applied by applying an alternating current to an electro- 
magnet (e.g. a superconducting magnet) or physically mov- 
ing permanent magnets by, e.g., by having rotors having 
magnets with alternating magnetic orientations on either 
side of the confinement region. In some cases, the rotation 
of neutrals and charged particles is maintained in the same 
direction by alternating the electric field and the magnetic 
field at the same frequency. For example, in some cases, the 
both the electric and magnetic field may be oscillated at a 
frequency that is between about 0.1 Hz and 10 Hz, in some 
cases, about 10 Hz to about 1 kHz, and in some cases greater 
than 1 kHz. 


[0273] In a wave-particle embodiment, a sequence of 
electrode charges, or a drive signal, may be applied to the 
electrodes bordering the confinement region to initiate rota- 
tion. For example, a drive signal may be started a low 
frequency, e.g. about 60 Hz and then ramp up to a higher 
frequency e.g. about 10 MHz. In some cases, a reactor may 
include a similar multistage process for terminating a fusion 
reaction. In some cases, a reactor may have an idle stage of 
operation that occurs between when fusion reaction is halted 
and then resumed. During operation of a reactor, the param- 
eters may be closely monitored. In a reactor that makes use 
of a Lorentz force to rotate charges species, the current 
density in the confinement region or annular space near the 
confining wall may be in the range of about 150 A/m? to 
about 10 kA/m?, e.g., about 150 A/m? to about 9 kA/m?. In 
some cases, the current density near a confining wall may be 
in the range of about 150 A/m? to about 700 kA/m“, and in 
some cases in the range of about 400 A/m? to about 6000 
kA/m?. In some cases a reactor is operated to maintain a 
sufficient electric field near the confining wall. For example, 
in some cases the electric field is greater than about 25 V/m, 
in some cases greater than about 40 V/m, and in some case 
greater than about 30 V/m. 

[0274] In some multistage operations, a reactor may peri- 
odically alternate the direction in which charged particles 
are rotated. In some cases, by alternating the direction that 
charged particles rotate, the rate of collisions between two 
rotating fusion reactants may be increased. In some cases, 
the direction of rotation may be alternated to increase or 
control the rate of fusion in a reactor. In some embodiments, 
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by alternating the direction of rotation the rate of fusible 
events on a confinement wall may be reduced due to fusible 
events occurring within the annular space rather than on the 
confinement surface. This may be beneficial to, for instance, 
reduce heat imparted to a confinement wall if the confine- 
ment wall becomes too hot. In the cases of Lorentzian rotors, 
the direction of rotation may be alternated by alternating an 
applied electric field and/or magnetic field. For example, if 
the magnetic field is alternated while an electric field is 
maintained, the Lorentzian force on charged particles will 
also alternate directions. In some cases, an applied electric 
field and or an applied magnetic field is alternated at a 
frequency between about 0.1 Hz to about 10 Hz, in some 
cases, about 10 Hz to about 1 kHz, and in some cases greater 
than about 1 kHz. This may have the effect of concentrating 
electrons in the electron-rich region, concentrating rotating 
particles in close proximity, and in some cases, increasing 
the number of fusion reactions. 


Gas Conditions 


[0275] In cases where gas is introduced into the confine- 
ment region, e.g. a hydrogen or helium reactant gas, it may 
be beneficial for the reactant gas to have certain purity. In 
some cases, impurities in a reactant gas volume may 
decrease the rate of fusion and the overall energy output. In 
cases where a reactant gas is readily available in a pure form, 
a reactant gas having a purity of at least about 99.95% by 
volume or at least about 99.999% by volume. This means 
there are fewer than 10 vpm (volume per million) impurities 
in the cylinder. 


[0276] In some cases, deuterium, a naturally occurring 
isotope of hydrogen, may be found within a hydrogen 
reactant gas. For example, deuterium may be present within 
the impurities of a hydrogen tank, and as such, present a 
potential hazard when present in sufficient quantities within 
the reactant gas. If there is too much deuterium in the fuel, 
fusion reactions other than proton-boron'* may occur within 
the reactor. In some instances, these other reactions may 
emit radioactive byproducts. To monitor the amount of 
deuterium in a reactant gas, a reactor may be equipped with 
sensors, such as the qRGA from Hiden Analytical mass 
spectrometer, for monitoring the amount of deuterium 
within a hydrogen reactant gas. 


[0277] Prior to ignition, a reactor may contain a mole 
fraction of ions to neutrals that is close to 0%. After striking 
a plasma, the reactor may be operated having a mole fraction 
of ions to neutrals in the rotating gas species that is about 
1:1000 to about 1:1,000,000. In some cases, the mole 
fraction of ions to neutrals in a reactant gas may vary 
depending on the particular stage of a multistage process 
flow. For example, in the process flow of FIG. 25, a gas may 
have a higher mole fraction of ions to neutrals after initiating 
a plasma in stage 2502 than while the reactor is operating at 
steady state in stage in 2503. 


[0278] As described elsewhere, reactors may be equipped 
with gas inlet and exit valves. In principle, the flow through 
a gas inlet valve and/or a gas outlet valve may be controlled 
to maintain a desired gas composition or gas pressure within 
the confinement region. In some cases, the gas volume in the 
confinement region may be replaced at a rate that is less than 
about once a minute, or about once an hour. In many 
embodiments, gas valves may be sealed, so there is no fluid 
flow during operation of the reactor. 
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[0279] In some cases, a reactant gas is maintained at 
standard temperature and pressure before generating a 
plasma in the confinement region. In some cases, such as 
when a vacuum enclosure is used, a vacuum pump may be 
used to lower the pressure to less than about 1x10~ Torr, 
and in some cases less than about 1x107“ Torr, prior to 
striking a plasma in the confinement region. In some cases, 
to increase the density of neutrals a reactant gas feedline 
may increase the pressure within a reactor to more than 
about 0.1 Torr, and in some cases more than about 10 Torr 
before striking a plasma in the confinement region or during 
Operation of a reactor. During operation of the reactor, 
particles may experience a centripetal acceleration that is on 
the order of a billion times that of the gravitational accel- 
eration on the surface of the earth. In some cases, the gas 
pressure and/or density along the confinement wall may be 
monitored during operation of the reactor. If the pressure 
induced the rotating species is not sufficient near the con- 
fining wall, the electron rich region may diffuse farther into 
the confinement region and not provide the desired electron 
screening effect. In some cases, the gas pressure near the 
confinement wall may be monitored in real time. Prior to 
initiating a plasma the temperature of a gas may be approxi- 
mately at room temperature, in some cases a gas is initially 
heated. In some cases, the gas is heated to greater than about 
1,800“ C., and in some cases the gas is heated to greater than 
about 2,200? C. During steady operation of the reactor the 
gas temperature may me heated such that the gas in the 
confinement region is in the range of about 400? C. to about 
800? C., and in some cases in the range of about 900? C. to 
about 1,500? C. 


[0280] As discussed elsewhere, a reactant gas may be 
delivered into a reactor by a variety of mechanisms. In cases 
in which as inlet valve is used, a gas reactant may be 
delivered from a gas canister or pressurized tank. In some 
embodiments, a reactant gas such as hydrogen may be 
delivered into the confinement region by being out-diffused 
from the confinement wall or a hydrogen absorbing material 
such as titanium or palladium. 

Operating Conditions for Reducing Coulombic barrier 


[0281] As described elsewhere herein, the rate of fusion 
per volume per unit time may be expressed by 


dN/dT=n,n30v 


where n, and n, are the densities of the respective reactants, 
a is the fusion cross section at a particular energy, and v is 
the relative velocity between the two interacting species. 
The product (o v) may be increased by reducing the cou- 
lombic barrier. In some cases the fusion cross section may 
be between about 1077“ cm? and about 1077? cm?, and in 
some cases about 107% cm? and about 107?” cm?. In some 
cases the relative velocity is between 10“ m/s and 10° m/s, 
and in some cases between about 10° m/s and about 10" m/s. 
In some cases, a reduction to the coulombic barrier may 
result in a reaction rate that is about 10!" to about 10°? fusion 
reactions per second per cubic centimeter along the confine- 
ment wall. 

[0282] As discussed elsewhere, an electron-rich region 
may be formed near the confinement wall to provide a 
screening effect between colliding nuclei. In some cases, 
electron emitters may be used to provide free electrons to 
this region. Emitters may be energized optically (e.g., using 
a laser), by frictional heating of the rotating particles, and/or 
by Joule heating. 
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[0283] Within the electron-rich region, the density of 
electrons may be on order of about 10'° em”? to about 102% 
cm””, and in some cases, the density of electrons is on the 
order of about 10% cm”? within this region. In some embodi- 
ments, the density of neutrals in the electron-rich region may 
be about IO) cm”? to about 10!? cm”?, and in some cases, 
the neutrals density within the confinement region is on the 
order of about 10% cm””. Positive ions may be found at a 
much lower density than neutrals within the electron-rich 
region. In some cases, the density of positive ions is about 
10% cm”? to about 10!$ cm^?. In some cases the ratio of 
electrons to positive ions within the electron-rich region is in 
the range of about 10°:1 to about 108:1. 

[0284] The radial thickness of the electron-rich region 
may be characterized as the region in where most of the 
electron gradient exists. In some cases, the electron-rich 
region is in the range of about 50 nm to about 50 um, in some 
cases, the electron rich is about 500 nm to about 1.5 um. 
[0285] Within the electron-rich region, e.g. about 1 um 
away from the confining wall, there may be a strong electric 
field. In some cases, the electric field within the electron-rich 
region (or confinement region) is greater than 10% V/m, and 
in some cases, the electric field is greater than about 10° 
V/m. In some cases, the temperature of electrons in this 
region is about 10,000 K to about 50,000 K, and in some 
cases about 15,000 K to about 40,000 K. 

[0286] In some cases, if one parameter is constrained by a 
physical limitation, that parameter may end up being a 
driving parameter that affects other parameters within the 
electron-rich region. For example, the Lawson criterion 
involves a balance of parameters. 

[0287] In some cases, the parameters of the electron-rich 
region may depend in part on the fusion reaction that is 
targeted. For example, the parameter ranges are different in 
a p4''B reaction vs. a D+D reaction. 

[0288] In general, certain embodiments of this disclosure 
lower or reduce the Coulomb barrier by creating, modifying, 
or utilizing effects that have negative (attractive) potentials. 
In these embodiments, the potential of approaching nuclei 
has a substantially lowered Coulomb barrier for tunneling. 
[0289] Another approach to increasing the probability of 
fusion events is by aligning the spin of the fusion reactants. 
The nuclear force has a spin-dependent component. When 
spins are aligned, between two nuclei, e.g., those of a 
deuteron and a deuteron, the coulombic barrier is reduced. 
Nuclear magnetic moments play a role in quantum tunnel- 
ing. Specifically, when the magnetic moments of two nuclei 
are parallel, an attractive force between the two nuclei is 
created. As a result, the total potential barrier between two 
nuclei with parallel magnetic moments is lowered, and a 
tunneling event is more likely to occur. The reverse is true 
when two nuclei have antiparallel magnetic moments, the 
potential barrier is increased, and tunneling is less likely to 
occur. When the magnetic moment of a particular type of 
nucleus is positive, the nucleus tends to align its magnetic 
moment in the direction of an applied magnetic field. 
Conversely, when the moment is negative, the nucleus tends 
to align antiparallel to an applied field. Most nuclei, includ- 
ing most nuclei which are of interest as potential fusion 
reactants, have positive magnetic moments (p, D, T, “Li, "Li, 
and "B all have positive moments; “He and IN have 
negative moments). In certain embodiments, a magnetic 
field is provided that aligns the magnetic moments in 
approximately the same direction at every point within the 
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device where a magnetic field is present. This results in a 
reduction of the total potential energy barrier between nuclei 
when the first and second working materials have nuclear 
magnetic moments which are either both positive or both 
negative. It is believed that this leads to an increased rate of 
tunneling and a greater occurrence of fusion reactions. This 
effect may also be referred to as spin polarization or mag- 
netic dipole-dipole interaction. In addition, the gyration of a 
nucleus about a magnetic field line also contributes to 
determining the total angular momentum of the nucleus. So 
when the cyclotron motion of the nucleus produces addi- 
tional angular momentum in the same direction as the 
polarization of the nuclear magnetic moment, the Coulomb 
barrier is further reduced. 

[0290] In some cases, the spin states of fusion reactants 
(e.g., TH and ''B) in the confinement region and along the 
confining wall may be aligned by applying a magnetic field 
in the range of 1-20 T. In cases in which a magnetic field is 
used to provide a Lorentzian force, the magnetic field may 
also align the spin states of the fusion reactants. The 
combination of a reduced coulombic barrier through, e.g., 
electron screening and a spin polarization (enabled by a 
strong magnetic field acting on the reactant nuclei) may 
produce a significant enhancement in the rate fusion. The 
electrostatic attraction between two nuclei includes a spin- 
dependent term that becomes dominate at short distances 
(e.g., less than 1 fm). 


Applications 


[0291] Fusion reactors as described herein have abundant 
applications that may resolve many societal issues such 
dependence on fossil fuels. In some cases, the use of fusion 
reactors may make feasible and/or practical energy intensive 
applications that were not feasible or practical with conven- 
tional power generation methods. A few applications of 
fusion reactors are now briefly discussed. 

[0292] In some cases, fusion reactors may be used to 
retrofit a fossil fuel power plant such as a power plant which 
burns coal, natural gas, or petroleum to produce electricity. 
In some cases, fusion reactors described herein may be used 
to retrofit a fission power plant. When retrofitting a power 
plant, in some cases, it may only be necessary to replace or 
update the portions of the power plant where energy is 
produced. This makes power plant retrofits simple and cost 
efficient as turbines, generators, cooling towers, connections 
to a power distribution network, and other infrastructure 
may be reused. For example, a coal power plant may be 
retrofitted by replacing a coal-fired boiler with a fusion 
boiler that utilizes a reactor described herein. Similarly, a 
fission power plant may be retrofitted by replacing the 
control rods and uranium fuel with a fusion reactor as 
described herein. 

[0293] In some cases, a fusion reactor has a modular 
design that employs a plurality of smaller reactors. By 
having a plurality of reactors, the power output of a plant 
may be modulated to meet energy demand by varying the 
number of reactors in operation. Additionally, 1f individual 
reactors can be serviced or replaced while other reactors 
remain operable, the overall power output of the plant may 
not be significantly affected. 

[0294] In some cases, a fusion reactor may be used as a 
heating interface for industrial processes such as fiberglass 
manufacture. In some cases, a reactor is configured as the 
heat source for a steam generator (e.g., a steam generator 
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used for steam cleaning or metal cutting). In some cases, a 
reactor is used as a source of helium where helium is 
produced as a result of a fusion reaction (e.g., when the 
reactor conducts proton-boron-11 fusion). In some cases, the 
reactor may be used as part of a water heater, such as a 
home-sized water heater. For example, the reactor may be 
placed within a water tank or may be thermally coupled to 
a water tank such that heat emanating from the reactor is 
used to heat water. In some cases, a fusion-based water 
heater may be paired with a water radiator to provide indoor 
heating. 

[0295] In some cases, a fusion reactor is used for trans- 
portation applications. For example, a fusion reactor may be 
used to power and automobiles, planes, trains, and boats. An 
automobile, for instance, may be outfitted with a reactor 
having one or more energy conversion modules configured 
to generate electrical and/or mechanical energy. In an elec- 
tric car, electrical energy produced by a reactor may be used 
to charge a battery or capacitor which is used to provide 
power to an electric motor. For example, a reactor may be 
operated to charge a car battery whenever the battery’s state 
of charge falls below a certain threshold value. In some 
cases, mechanical energy is produced by, for example, a 
Stirling engine which is used to provide the driving power 
for a car. In some cases, a fusion reactor may be used to 
provide power to outer space vehicles. Some designs for 
outer space vehicles use a fission reactor such as a radio- 
isotope thermoelectric generator. Such designs suffer from 
use and generation radioactive isotopes. They also require 
carrying relatively large amounts of radioactive fuel. Since 
reactors described herein may be aneutronic or substantially 
aneutronic, these reactors may be much more preferable for 
spacecraft designed to carry human occupants. Additionally, 
the energy densities of fusion reactants used for reactors 
described herein are significantly higher than fuels required 
by a fission reaction or a chemical reaction to produce the 
same amount of energy. 

[0296] The claim elements that do not recite “means” or 
“step” are not in “means plus function” or “step plus 
function” form. (See, 35 USC $ 112(f)). Applicant intends 
that only claim elements reciting “means” or “step” be 
interpreted under or in accordance with 35 U.S.C. $ 112(f). 
[0297] The present disclosure may be embodied in other 
specific forms without departing from its spirit or essential 
characteristics. The described embodiments are to be con- 
sidered in all respects only as illustrative and not restrictive. 
The scope of the disclosure is, therefore, indicated by the 
appended claims rather than by the foregoing description. 
All changes which come within the meaning and range of 
equivalency of the claims are to be embraced within their 
scope. 


1. A method of operating a reactor comprising: 
generating an electric field and an electrical current in a 
confinement region of the reactor between at least two 
of a plurality of electrodes by applying, with a control 
system an electric potential between the at least two 
electrodes, wherein: 
the reactor includes the plurality of electrodes, a sub- 
stantially cylindrical confining wall that has a lon- 
gitudinal axis and at least partially encloses the 
confinement region, a second reactant, and an inlet to 
the confinement region for permitting introduction of 
a fluid to the confinement region, the fluid containing 
a first reactant; 
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the plurality of electrodes are adjacent or proximate to 
the confinement region; 
the electrical current generates, from the first reactant, 
an ionized plasma of ions and neutrals: 
the control system includes one or both of a voltage and 
current source and is configured to apply the electric 
potential between the at least two of the plurality of 
electrodes 
the electric field, alone or in conjunction with a mag- 
netic field, induces and/or maintains azimuthal rota- 
tion of the ions in the confinement region around the 
longitudinal axis, the azimuthal rotation of the ions 
configured to: (1) impart azimuthal rotation to neu- 
trals of the first reactant, and (ii) promote repeated 
collisions between one or both of the ions and the 
neutrals with the second reactant; and during opera- 
tion of the reactor: 
an electron-rich region proximate to the second 
reactant has an excess of electrons over positively 
charged particles of at least about 109/cm?; and 
the repeated collisions produce an interaction with 
the second reactant that produces a product having 
a nuclear mass that is different from a nuclear 
mass of any of the first reactant and the second 
reactant. 

2. The method of claim 1, wherein the plurality of 
electrodes are azimuthally distributed about the confinement 
region, and wherein the control system is configured to 
induce rotational movement of charged particles and the 
neutrals in the confinement region by applying time-varying 
voltages to the plurality of electrodes. 

3. The method of claim 1, wherein the electric field in the 
confinement region acts in conjunction with the magnetic 
field to induce and/or maintain the azimuthal rotation of the 
charged particles and the neutrals in the confinement region. 

4. The method of claim 1, wherein, during operation of the 
reactor, a ratio of electrons to positive ions within the 
electron-rich region is between about 10°:1 and 10:1. 

5. The method of claim 1, wherein, during operation of the 
reactor, the electron-rich region has an electric field strength 
of at least about 10° V/m. 

6. The method of claim 1, wherein, during operation of the 
reactor, the neutrals in the electron-rich region have an 
energy of, on average, of between about 0.1 eV and 2 eV. 

7. The method of claim 1, wherein, during operation of the 
reactor, electrons in the electron-rich region have a density 
of about 10'° em”? to about 10% em”. 

8. The method of claim 1, wherein, during operation of the 
reactor, the electron-rich region extends from the second 
reactant into the confinement region by a distance of 
between about 50 nanometers and about 50 micrometers. 

9. The method of claim 1, wherein, during operation of the 
reactor, the neutrals in the confinement region proximate the 
second reactant have a concentration of at least about 
10'°/em?. 

10. The method of claim 1, wherein, during operation of 
the reactor, the neutrals in the confinement region proximate 
the second reactant have a concentration of about 10' em? 
to about 10% cm?. 

11. The method of claim 1, wherein the reactor further 
comprises an electron emitter disposed in or adjacent to the 
confinement region such that, during operation, the electron 
emitter generates electrons in the confinement region. 
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12. The method of claim 11, further comprising control- 
ling electron generation in the confinement region. 

13. The method of claim 12, wherein controlling the 
electron generation in the confinement region comprises 
applying a current to a filament in thermal communication 
with the electron emitter. 

14. The method of claim 13, further comprising monitor- 
ing the temperature of the electron emitter, and wherein the 
current applied to the filament is based on the monitored 
temperature of the electron emitter. 

15. The method of claim 12, wherein controlling the 
electron generation in the confinement region comprises 
moving the electron emitter into or out of the confinement 
region. 

16. The method of claim 15, further comprising monitor- 
ing the temperature of the electron emitter, and wherein the 
moving the electron emitter into or out of the confinement 
region is based on the monitored temperature of the electron 
emitter. 

17. The method of claim 12, wherein controlling the 
electron generation in the confinement region comprises 
controlling emissions of a laser configured to emit a beam of 
light through the confinement region and onto the electron 
emitter or the confining wall. 
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18. The method of claim 17, further comprising monitor- 
ing the temperature of the electron emitter, and wherein 
controlling the emissions of the laser is controlled based on 
the monitored temperature of the electron emitter. 

19. The method of claim 11, wherein the electron emitter 
is attached to or embedded in the confining wall. 

20. The method of claim 11, wherein the electron emitter 
comprises boron or a boron-containing material. 

21. The method of claim 1, wherein the second reactant 
comprises boron-11. 

22. (canceled) 

23. The method of claim 1, wherein the interaction is a 
fusion reaction. 

24. The method of claim 23, wherein the fusion reaction 
is aneutronic. 

25. The method of claim 23, wherein the fusion reaction 
occurs in the electron-rich region at a rate that is about 10*7 
to about 10°? fusion reactions per second per cubic centi- 
meter. 

26. The method of claim 1, wherein the neutrals comprise 
neutral hydrogen, deuterium, and/or tritium. 

27. (canceled) 


